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Remarks 

In view of the above amendments and the following remarks, reconsideration 
of the outstanding office action is respectfully requested. 

Applicants submit that the first and second amendments to the specification 
rectify inconsistencies between the corrected formal drawings submitted herewith and the 
description of the drawings in the present application, the third amendment corrects a 
typographical error in referencing a particular example, and the remaining amendments 
correct two paragraphs to delete improper hypertext language. 

Enclosed herewith are corrected drawings that overcome the objections 
identified in form PTO-948 that accompanied the outstanding office action. The objection to 
the drawings should therefore be withdrawn. , 

The rejection of claims 1-5, 11-15, 50, 53, 64] and 65 under 35 U.S.C. § 112 

- . (2nd-para.)-for-indefiniteness.is respectfully traversed in view of. the above.amendments, 

except as noted in the remarks below. 

With regard to claims 5, 15, and 53, the U.S. Patent and Trademark Office 
("PTO") has taken the position that the recitation of "protein's activity is salt tolerant" is 
indefinite. Applicants respectfully disagree, because one of ordinary skill in the art would 
understand what is meant by a protein activity that is "salt tolerant." In particular, claim 5 
depends firom claim 4, which is drawn to an isolated heme-binding protein that is "isolated 
fi-om Halobacterium salinarium," Claim 15 and 53, drawn to a blood substitute and chimeric 
protein, respectively, also specify that the bacterial heme binding protein is "isolated fi-om 
Halobacterium salinarium" Halobacterium salinarium is an extreme halophile, a group of 
archaebacteria found in environments characterized as nearly NaCl-saturated {see 
Bandyopadhyay et aL, "Salt Dependent Stability and Unfolding of [Fe2-S2] Ferredoxin of 
Halobacterium salinarium: Spectroscopic Investigadons," BiophysicalJournal 79:501-510, 
at 501, 1st full para. (2000) ("Bandyopadhyay") (attached hereto as Exhibit 1)), and it is well- 
known to those of ordinary skill in the art that proteins produced by halophilic bacteria 
require multimolar salt concentrations for activity {see e.g., Jaenicke .et aL, "The Stability of 
Proteins in Extreme Environments," Current Opinion in Structural Biology 8:738-748 (1998) 
at pg. 744, rt. col., 1st full para, (attached hereto as Exhibit 2)). For example, Britton et aL, 
"Insights into the Molecular Basis of Salt Tolerance fi-bm the Study of Glutamate 
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Dehydrogenase from Halobacterium salinarium:' J. Biol. Chem. 273(1 5):9023-9030 at 9023, 
1st full para. (1998) (attached hereto as Exhibit 3) teaches that halophilic bacteria are known 
to live in environments v^here salt concentrations can exceed 3M, accumulate inorganic ions 
with the cell at concentration equivalent to or greater than that of the environment, and have 
proteins which are adapted to function under these high salt conditions. In addition, 
Bandyopadhyay teaches that H. salinarium proteins need a high salt concentration to 
maintain structural and functional activity (pg. 504, rt. coL, 1st full para.), and that the 
secondary structure of a H. salinarium protein was found to be stable in salt concentrations 
from greater than 1.5 M to about 4.5 M, but not in salt concentrations below 1.0 M (pg. 501, 
left col., 1st. para., lines 1-16; pg. 503, rt. col., lines 3-6; and Figures 6-7, with the description 
thereof at pg. 504, first full para,). 

Thus, given the above-noted claim dependencies, one of ordinary skill in the 
art would frjlly understand what is meant by a protein activity that is "salt tolerant." 

It is also the position of the PTO that claims 1-5, 11-15, 64, and 65 are 
indefinite for the recitation of "low affinity." Applicants respectfully disagree. The fact that 
claim language, including terms of degree, may not be precise, does not automatically render 
the claim indefinite under 35 U.S. C. 112, second paragraph. Seattle Box Co., v. Industrial 
Crating & Packing, Inc., 731 F.2d. 818, USPQ 568 (Fed. Cir. 1984). AcceptabiHty of the 
claim language depends on whether one of ordinary skill in the art would understand what is 
claimed, in light of the specification. See Manual of Patent Examining Procedure 
2173.05(b). 

Applicants submit that the specification clearly defines a protein that binds 
oxygen with a low affinity as an oxygen-binding protein that has ability to unload oxygen 
into tissue when low oxygen conditions exist in the tissue (see pg. 2, lines 7-24). 
Furthermore, because the oxygen affinity for various types of globins were known before the 
present application was filed {see, e.g., Gilles-Gonzales et al., "Heme-Based Sensors, 
Exemplified by the Kinase FixL, Are a New Class of Heme Protein with Distinctive Ligand 
Binding and Autoxidation," Biochemistry 33:8067-8073, Table 2 at pg. 8071 and pg. 8070, rt. 
col., 1st full para.) (1994) (attached hereto as Exhibit 4)), and "low affinity" is clearly a term 
of art known to those skilled in the art (Id.), applicants submit that one of ordinary skill in the 
art, having read the present application, would understand the meaning of the limitation "low 
affinity." 
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For all the foregoing reasons, the rejection of claims 1-5, 1 1-15, 50, 53, 64, 
and 65 under 35 U.S.C. § 112 (2nd para.) for indefiniteness is improper and should be 
withdrawn. 

The rejection of claims 1-6 under 35 U.S.C. § 102(b) as anticipated by Zhang 
et al., "Signal Transduction in the Archaeon Halobacterium salinarium is Processed Through 
Three Subfamilies of 13 Soluble and Membrane-Bound Transducer Proteins," Proc. Natl. 
Acad. Sci. USA 93:4649-4654 (1996) ("Zhang"), along with the sequence alignment attached 
to the office action Genbank accession T44978, is respectfully traversed. 

Zhang relates to the identification of signal transducer proteins from H. 
salinarium. The PTO has taken the position that Zhang teaches a heme binding protein, HtB, 
that is identical to SEQ ID NO:2 of the present invention. Applicants respectfully disagree. 

First and foremost, the full protein sequence referred to by the PTO is not 
disclosed in Zhang but instead is disclosed in GenBank Accession T44978, which became 
publicly available on January 21, 2000 (at the time a sequence revision was made). Because 
the publication date of GenBank accession T44978 is after the filing date of the present 
application, GenBank accession T44978 is not available as prior art. Secondly, Zhang only 
reports partial amino acid sequences of the HtB protein {see Figure 3), with the fragment 
shown in Figure 3 A possessing a highly conserved signaling domain. One of ordinary skill in 
the art is left to speculate as to the full amino acid sequence of the HtB protein identified in 
Zhang, because the full nucleotide sequence is likewise not disclosed. Finally, Zhang does not 
teach the isolation of the heme binding protein, but instead only shows the distribution of the 
protein in halobacterial cells using radiolabeled cell fractions to identify the protein in the 
soluble and membrane fractions (see pg. 4653, Fig, 5 and col. 1, lines 15-23). The protein 
itself was not purified from the cell fractions and, hence, cannot be considered isolated. Thus, 
Zhang does not teach an "isolated bacterial heme binding protein" as presently claimed. 

At a minimum, the PTO should acknowledge that Zhang does not teach or 
suggest the amino acid sequence of SEQ ID NO: 2. Therefore, claim 6 should be allowed over 
Zhang. 

For all these reasons, Zhang cannot anticipate the present invention and the 
rejection of claims 1-6 under 35 U.S.C § 102(b) as anticipated by Zhang should be 
withdrawn. 
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The rejection of claims 1,3-5, 11, 13-15, and 64 under 35 U.S.C. § 102(b) as 
anticipated by U.S. Patent No. 5,635,207 to Grinstaff et al. ("Grinstaff' ) is respectfully 
traversed. 

Grinstaff relates to a composition for the in vivo delivery of a biologic, where 
the biologic is associated with either (i) a polymeric shell formulated from a biocompatible 
material or (ii) a dispersing agent encased within the shell. Grinstaff teaches that polymeric 
shells prepared from hemoglobin have a high-oxygen binding capability and are useful as 
blood substitutes. 

In contrast, the presently claimed invention is drawn to an "isolated bacterial 
heme binding protein" as recited in claim 1 ; a blood substitute that includes "a bacterial heme 
binding protein" as recited in claim 1 1 ; and a fragment of the isolated protein of claim 1 as 
recited in claim 64. 

Claims 1 and 1 1 (as well as claims dependent thereon) are composition claims; 
they are not process claims. Moreover, contrary to the assertion by the PTO, the source of 
the protein as "bacterial" is a property of the claimed protein rather than a process limitation. 
Because the protein does not exist in isolated form in nature, designation of its source 
organism defines a property that can distinguish one heme binding protein from another (e.g., 
bacterial from mammalian). Therefore, the source limitation "bacterial" which appears in 
claims 1 and 1 1 (and thus claims dependent thereon) must be given patentable weight; it 
cannot be disregarded as a mere process limitation. 

Because Grinstaff does not teach or suggest an "isolated bacterial heme 
binding protein" as recited in claim 1 or a blood substitute that includes "a bacterial heme 
binding protein" as recited in claim 11, Grinstaff cannot anticipate the claimed invention. 

For this reason, the rejection of claims 1,3-5, 11, 13-15, and 64 under 35 
U.S.C. § 102(b) as anticipated by Grinstaff should be withdrawn. 

The rejection of claims 1 , 3-5, 11, 13-15, and 64 are rejected under 35 U.S.C. 
§ 102(b) as anticipated by Sugimoto et aL, "Myoglobin Mutants Giving the Largest Geminate 
Yield in CO Rebinding in the Nanosecond Time Domain," BiophysicalJournal 75:2188- 
2194 (1998) ("Sugimoto"). 

Sugimoto relates to the testing of the capacity of carbon monoxide rebinding 
by recombinant mutant sperm whale myoglobin proteins isolated and purified using an E. colt 
expression system. It is the position of the PTO that Sugimoto anticipates the heme-binding 
protein of the present invention because it teaches a recombinant myoglobin isolated from a 
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bacterial expression system. Even though the mutant proteins of Sugimoto are isolated from 
a recombinant E, coli, the genetic origin of the protein is not the recombinant host but instead 
a sperm whale, which is a mammalian source rather than a bacterial source. As noted above, 
the source from which the protein is isolated does identify a property that can distinguish one 
heme binding protein from another (e.g., bacterial from mammalian). Because Sugimoto 
does not teach or suggest an "isolated bacterial heme binding protein" as recited in claim 1 or 
a blood substitute that includes "a bacterial heme binding protein" as recited in claim 1 1 , 
Sugimoto cannot anticipate the claimed invention. 

Thus, the rejection of claims 1, 3-5, 11,13-15, and 64 as anticipated by 
Sugimoto is improper and should be withdrawn. 

The rejection of claims 1,3-5, 11, 13-15, and 64 under 35 U.S. C. § 102(b) as 
anticipated by Zhao et al., "A Double Mutant of Sperm Whale Myoglobin Mimic the 
Structure and Function of Elephant Myoglobin," J. Biol Chem. 270(35):20763-20774 (1995) 
("Zhao") is respectfully traversed. 

Zhao relates to a L29F/H64Q double mutant of sperm whale myoglobin 

having a low O2 binding affinity, where the mutant proteins are recombinant sperm whale 
proteins obtained by using a bacterial expression system. Thus, the proteins of Zhao are 
mammalian proteins, not bacterial proteins, because the genetic origin of the mutant proteins 
is not the recombinant host but instead a sperm whale. Because Zhao does not teach or 
suggest an "isolated bacterial heme binding protein" as recited in claim 1 or a blood 
substitute that includes "a bacterial heme binding protein" as recited in claim 11, Zhao caimot 
anticipate the claimed invention. 

Thus, the rejection of claims 1 , 3-5, 1 1, 13-15, and 64 under 35 U.S.C. § 
102(b) as anticipated by Zhao is improper and should be withdrawn. 

The rejection of claims 1-5, 11-15, and 64-65 under 35 U.S.C. 102(b) as 
anticipated by Gong et al., "Structure of a Biological Oxygen Sensor: A New Mechanism, for 
Heme-Driven Signal Transduction," Proa Natl. Acad. Sci. USA 95:15177-15182 (1998) 
("Gong") is respectfully traversed in view of the above amendments. 

Gong teaches a FixL protein that is isolated from the bacterium 
Bradyrhizobium japonicum and has both a heme binding domain and a histidine kinase signal 
transducing domain. 
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Applicants submit that the FixL protein of Gong does not anticipate the 



claimed invention because it does not possess a heme binding domain that has "at least 20% 
identity to a myoglobin heme binding domain having an amino acid sequence of SEQ ID NO: 
76" as recited in claims 1 and 1 1 . As evidence of this, the undersigned attorney performed a 
CLUSTALW sequence alignment (attached hereto as Exhibit 5) comparing the amino acid 
sequence of the FixL protein sequence of Gong (Genbank Accession P23222, included with 
Exhibit 5) with the sperm whale myoglobin protein sequence of SEQ ID NO: 76. The 
CLUSTALW analysis shows that there is less than 20% identity between FixL and the 
polypeptide of SEQ ID NO: 76. Because Gong fails to teach an isolated bacterial heme- 
binding protein that possesses the recited property, Gong cannot anticipate the invention of 
claims 1 and 1 1 let alone claims dependent thereon. 

Thus, the rejection of claims 1-5, 11-15, and 64-65 under 35 U.S.C. 102(b) as 
anticipated by Gong is improper and should be withdrawn. 



Applicants submit that the objection to claims 12-16, 49-54, and 64-65 is 



In view of all of the foregoing, applicants submit that this case is in condition 
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Salt D pendent Stability and Unfolding of [F 2-S2] Ferredoxin of 
Haiobacterium salinarum: Spectroscopic Inv stigations 

Amal K. Bandyopadhyay and Haripalsingh M. Sonawat 

Department of Chemical Sciences, Tata Institute of Fundamental Research, Mumbai 400 005, India 

ABSTRACT Ferredoxin from the haloarchaeon Haiobacterium salinarum is a 14.6-kDa protein with a [Fe2-S2] center and is 
involved in the oxidative decarboxylation of 2-oxoacids. It possesses a high molar excess of acidic amino acid residues and 
Is stable at high salt concentration. We have purified the protein from this extreme haloarchaeon and investigated its 
salt-dependent stability by circular dichroism, fluorescence, and absorption techniques. The predominantly ^-sheeted protein 
Js,stable ln:Salt concentrations of.^l .5,M, NaCI. At lower concentrations a time-dependent increase in fluorescence intensity 
ratio (/aeo^'aao)^ a decrease In the absorption at 420 nm, and a decrease in ellipticity values are observed. The rate of 
fluorescence intensity change at any low salt concentration is the highest, followed by absorption and ellipticity. This suggests 
that at low salt the unfolding of ferredoxin starts with the loss of tertiary structure, which leads to the disruption of the [Fe2-S2] 
center, resulting in the loss of secondary structural elements. 



INTRODUCTION 

Archaea are a group of ancient organisms that are found in 
adverse environmental conditions like .tdgh^linity, high 
temperature, and high or low pH conditions; the haloarchaea 
grow in nearly NaCl -saturated concentration (Ginzburg et 
al., 1970; Kushner, 1978). This group of organisms is 
known as "extreme halophiles." The intracellular salt con- 
centration is found to be very high in extreme halophiles 
(Ginzburg et aK, 1970)^^s.a,cpnsequeh^ con-~ 
served molecules "like proteins and nucleic acids may iiaye 
also^adaptedrto: function at such^a high salt .concentration 
(Eisenberg et al., 1992). Indeed,^several of ^the> functionary 
prote ins in > haloarchaea have ^been reported . to be , halo;; 
adapted in that they are structurally intact and^functionally 
active at high salt concentrations -only ^ (Eisenberg ^ et s al . , 
1992i^Lanyi, 1974; Hecht et al.,. 1990;-Krishiian and A 
tekar, 1993; Madah and Sonawat, 1996). For biochemical 
characterization of the effect of salt on these proteins and 
enzymes, it is necessary to purify them to homogeneity. In 
the recent past halophilic proteins have been amenable to 
purification by ammonium sul fate-mediated chromatogra- 
phy (Mevarech et al., 1976; Von der Haar, 1976; Leicht et 
al., 1978; Werberand Mevarech, 1978; Danson et ah, 1984; 
Bonete et al., 1986; Guinet et al., 1988). 

Ferredoxin (Fd) is a ubiquitous protein found in almost 
all living organisms, with variations in molecular weight, 
composition of amino acids, and primary sequence. Because 
of its structural diversity and presence in a wide range of 
phylogenetically unrelated organisms, from primitive anaer- 
obic prokarya to all eukarya, this protein has served as a 
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useful molecular probe for understanding biological evolu- 
tion. The nonheme, iron-sulfur center in fenredoxins acts as 
an electron carrier in a variety of biochemical processes like 
carbon metabolism, nitrogen fixation, photosynthesis, and 
steroid hydroxylation (Hall and Evans, 1969; Buchanan and 
Amon, 1970). Ferredoxin from Haiobacterium salinarum., 
like that from spinach, contains a [Fe2-S2] center, unlike in 
the case of Escherichia coti^ and its ftinction as an electron 
carrier in the decarboxylation of a-ketoacids has been dem- 
onstrated (Kerscher and Oesterhelt, 1977). The crystal 
structure of ferredoxin of Haloarcula marismortui has been 
reported (Frolow et al., 1996). 

Because the halophilic proteins, in general, need high salt 
concentrations to maintain their biological activity, it is 
pertinent to study the possible role of salt in the stability of 
its structure. Very few haloarchaeal proteins, such as glu- 
tamate and malate dehydrogenases from Haloarcula maris- 
mortui (Leicht et al., 1978; Mevarech et al., 1977; Madem 
and Zaccai, 1997; Ebel et al., 1999) and Haloferax medi- 
ierranei (Ferrer et al., 1998), glucose dehydrogenase from 
H. salinarum (Madan and Sonawat, 1996) and Haloferax 
mediterranei (Bonete et al., 1996), and dihydrolipoamide 
dehydrogenase (Jolley et al., 1997) and dihydrofolate reduc- 
tase from H. volcanii (Zusman et al., 1989; Pieper et al., 
1998), have been examined in detail for the role of salt in 
the stabilization of protein structure. The paucity of data 
from such studies may stem from the fact that halophilic 
proteins need special approaches for their purification and 
characterization. We report here a procedure for purifying 
the ferredoxin from H, salinarum (HsFd) that hot only gives 
a higher yield but also a preparation with the maximum 
^42(/^275 ratio that characterizes the integrity of the protein. 
We provide evidence that this protein requires a high salt 
concentration to remain intact over extended periods of 
time, and withdrawal of salt results in the gradual loss of its 
tertiary and secondary structures, ultimately leading to its 
denaturation. Our data conclusively show that H. salinarum 
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absorption coefficient at 420 nm. These two methods gave 
similar estimates, and typically 3 mg purified HsFd per Hter 
of culture was obtainedj'TheiprDtein-was'highly^stableiwhen, 

chKg'M^ln'^ its"^*<^tjcali^^ 
tended periods l of ^time ';(5> 120 i^h) . 

Estimate of secondary structure contents by 
. CD spectra 

The far-UV CD spectra of HsFd in high and low NaCl are 
presented in Fig. 1. ImhighrNaGl^^a'^double^minimum-was* 
obserye^^near. 210..and-21;7^r^^^ However, a completely 
different spectrum was seen for the protein in low NaCl. 
Intermediate NaCl concentrations showed a gradual de- 
crease in the ellipticity. Ellipticity at 217 nm has been 
plotted as a function of time at different NaCl concentra- 
tions (Fig. 2). In concentrations above 1.0 M NaCl, ellip- 
ticity remains more or less unchanged with the progress of 
time, whereas at lower concentrations the protein shows 
time-dependent reduction in ellipticity values, indicating the 
loss of secondary structure. Thistloss of; secondary structure,^ 
became prominent at concentrations below 0.5 M NaCl. The 
CD spectra for several such NaCl concentrations were an- 
alyzed for secondary structural elements by the method of 
Andrade et al. (1993). The results for the high- and low-salt 
cpncentratipns are presented iR^T?y ^ J seen that_ in 

high salt the protein has a predominantly ^-sheet content. 
As the NaCl concentration is lowered, the protein loses a 
substantial amount of secondary structure, in which the loss 
of ^-sheet is more pronounced than the loss of helix. The 



rate constants for the decrease in mean molar ellipticity at 
217 nm calculated from these spectra are shown in Table 2. 

Fig. 3 shows the near-UV CD spectra of HsFd in high and 
low NaCl. In the presence of high salt, negative peaks were 
observed at 267, 286, and 293 nm. These minima are 
indicative of specific tertiary connectivities with the aro- 
matic side chains (Krishnan and Altekar, 1993). At low 
NaCl concentration, however, these ellipticity values were 
lower, indicating the loss of tertiary structure. 

In the visible region, the CD spectra (Fig. 3) of ferredoxin 
in high NaCl showed positive peaks at 362 and 429 nm and 
minima at 328, 339, 397, 510, and 553 nm. In low NaCl an 
overall decrease in the ellipticity was again observed. 

Secondary structure in the vicinity of the [Fe2-S2] 
center changes in low salt 

In Fig. 4, the absorbance spectra of HsFd for high and low 
NaCl concentrations are presented. Feiredoxin shows prom- 
inent absorption peaks at 277, 329, 421, and 467 rmi in high 
salt. These are characteristic of halophilic ferredoxin (Wer- 
ber and Mevarech, 1978). At lower salt concentration spe- 
cific enhancement at 277 nm was observed, whereas other 
major peaks became relatively less intense. We.haxe^mon-; 
itored the characteristic ratio .^42ok*275^f9,r.^Y^ip-^'^ait con^^^^^^^ 
centrations as a function of time (Fig. 5). The data show, that 
the ratio does not change for a -long time if the salt concen-... 
trations 'are in the range of 2.0^4:5 M NaCi, but at lower- 
salt concentrations a reduction -in this ratio is clearly. seen. 
We conclude from these data that the [Fe2-S2] center is 
destabilized upon exposure of HsFd to low salt. 
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FIGURE 2 Kinetics of unfolding of 
femedoxin of H. salinanim. CD clliptic- 
ity at 2 1 7 nm with protein in 0. 1 M (•), 
0.25 M (A), 0.5 M (D). 1.0 M ([itrif), 
1.5 M (0), and 2.0-5.0 M (O) NaCl. 
The symbols represent experimental 
points and the lines correspond to two- 
state exponential fits. 




Time (h) 



Transfer of HsFd to low salt changes 
fluorescence characteristics of 
tryptophan residues - 

,rEig-^^6^ shows the fluorescence spectra, of ferredoxin*atthigh . 
and^low^NaCl. An^ emission. maximimi-at .335&mnwa^^^ 
observed- for ferredoxinvat¥high^salt;:^whereasi^^at?l^ 
coiicentrat ion ^the -emission^ maxima * shifted ; to?3 5 S.^nm^ . All 
of the intermediate NaCl concentrations showed values in- 
termediate between these two extremes and therefore were 
clearly salt concentration dependent. We have monitored 
the /36o:^33o ratio of the protein at different NaCl concen- 
trations over a period of several days (pigi-^^hti^gh 
concentrations yofsNaChthe jratio ^remains: more,^pr g^less . m^ 
varimit-,'<^,whereas;^ at ? a^ time>vs 

dependent- increase i was ^ observedir«The redshift of the 
and an increase in the I^^a h^o ^^^^ indicate exposure of the 
tryptophan residues to an aqueous environment. Unfolding 
of the protein at low salt concentration is clearly apparent. 
An estimate of the rate constants of this unfolding process at 
the various salt concentrations is presented in Table 2. The 



TABLE 1 Secondary structure elements of H. salinanim 
ferredoxin calculated from CD spectra in 10 mM phosphate 



NaCl concentration (M) 


a-Helix 


p-Shcet 


Others 


4.5 


23.0 ± 3 


43.0 ± 2 


32.0 ± 3 


0.1 


10.3 ± 4 


15.5 ±2 


74.2 ± 4 


% change 


55.0 


64.0 


131 



data show that the rate of unfolding is dependent on the salt 
concentration. The HsFd unfolding rate is enhanced when it 
is transferred from high to low salt. 

DlS^U^Ighl^ 

^archaeaisdpm 

' microbe i has? adapted^the j mechanism . of losmoprdtSitidn "by 
'a^cumul atjiig^a 5 high^ 
*^inz8ura;^etTaipi9 
^Hal6archae"aJYiiy^^ 

Sstnictural The structures of a fe w of 

the enzymes like nia late 'dehydrogenase, glutamate dehy- 
drogenase, dihydrofolate reductase, lactate dehydrogenase, 
and glucose dehydrogenase have been studied in great detail 



TABLE 2 Rate constants (Ac) for satt-dependent unfolding of 
ferredoxin from Halobacterium salinanim measured by CD, 
fluorescence, and optical absorbance 



Salt concentration 


I0-' 


XA:(h-') 








(M) 


CD 


Fluorescence 


Absorbance 


0.10 


24.0 ± 0.003 


62.0 ± 0.003 


23.0 ± 0.002 


0.25 


9.6 ± 0.002 


20.0 ± 0.002 


12.0 ± 0.003 


0.50 


8.6 ± 0.002 


15.0 ± 0.005 


10.0 ± 0.003 


1.00 


7.0 ± 0.003 


10.0 + 0.004 


8.6 ± 0.004 


1.50 


4.8 ± 0.010 


5.9 ± 0.070 


5.5 ±0.051 



The fractions were dctennined at ambient temperature by the method of 
Andradcc/fl/C1993). 



The rate constants for CD experiments were determined from ellipticity 
measurements at 217 nm, for fluorescence from the I^od-hid ratio, and for 
absorbance from the ^420^273 ^tio. The protein was in 10 mM phosphate 
buflFer (pH 7.3), and measurements were pcrfomned at ambient temperature. 
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as a function of salt concentration (Eisenberg et aL, 1992; 
Hccht et al., 1990; Madan and Sonawat, 1996)fand^t5fa^ 
beeiLshown4hat.at-low,salt,these,ei]^^ 
4tjes.,.Ihe.eflfecta^^^ 

proteinSwhas--been^explored^insgreatadetail>=(21accai et al., 
1989; Cendrin et al., 1993; Bonnete et al., 1994; Madem 
and Zaccai, 1997; Ebel et al., 1999). Haloarchaeal ferre- 



doxin acts as a cofactor in decarboxylation reaction cata- 
lyzed by oxidoreductase. Therefore, the study of the effect 
of salt on its^tructure as well as its"functioh may provide^ 
useful information about the structural biology of this pro- 
tein. 

Ferredoxin was purified earlier by a procedure that in- 
volved its exposure to low salt (Kerscher and Oesterfielt, 
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X (nm) 
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1976). This was improved by Werber and Mevarech (1978), 
who employed a method that maintains a high salt concen- 

tration throughout the purification procedure -In view of the 

instability of the H. salinarum ferredoxin at low salt, we 
used a procedure retaining several features of the latter 
method. In our procedure, a yield of 3 mg/liter cell culmre 
with a high ^4201^275 "^atio of 0.35 has been reproducibly 
obtained over several batches of purification. This may be 



contrasted with the nonhalophilic procedure, which has a 
lower yield (0.4 mg/liter cell culture) and an A^2q'~^215 ratio 
of 0.25 (Kerscher et al.,-1976), and the modified procedure 
(Werber and Mevarech, 1978). The introduction of a Sepha- 
rose-4B column results in additional purification. This has 
also been reported for ferredoxin from H. marismortiii 
(Werber and Mevarech, 1978). The most significant point in 
the procedure reported here is that the salt concentration has 
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not been reduced below 1 M in any of the steps of purifi- 
cation. AU .oMhe purificatum steps S^^^l^^^.P'yV !? 
buffer containing ammonium sulfate, which is known to 
stabilize halophilic proteins (Eisenberg et al., 1992). Thus, 
during the purification procedure, ferredoxin could be kept 
intact in the absence of sodium chloride. Exposure to low 
salt has deleterious effects on halophilic proteins, which 
might be the prime factor for the observation of a lower 
absorption ratio in the earlier procedures. As we show later, 
exposure of purified HsFd to low salt may reduce the 
^420^275 ratio to <0.25 in -48 h. Prolonged exposure to 
low salt leads to aggregation and eventual protein precipi- 
tation. These features explain why the purified HsFd had a 
lower ^420^275 ratio in apparently electrophoretically ho- 
mogeneous preparations obtained in earlier procedures. Al- 
though, ammonium sulfate-mediated chromatography has 
advantages over the nonhalophilic procedure, it has to be 
ensured that the protein is not exposed to ammonium sulfate 
for extended periods, because in such cases protein precip- 
itation occurs and may result in a low yield. 

HsFd has two tryptophan residues that are localized in 
two distinct regions of the protein, namely, W16 at the 
N-terminal end and W59 in the vicinity of the conserved 
[Fe2-S2] center. Our observation of a fluorescence emission 
maximum of 335 nm implies that these tryptophans are in a 
hydrophobic environment. At low salt, an increase in quan- 
tum yield and a red shift as high as 20 nm in its emission 
maximum suggest that local environments of tryptophans 
are affected, leading to their transfer to more aqueous en- 
vironment. This may reflect the loss of secondary and 
tertiary structure (Chen et al., 1967; Altekar, 1977a,b). This 
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unfolding process is kinetically slow and continues for 
several hours, even days, to reach an apparent end point by 
spectroscopic criteria. The fluorescence ihteiisity increase 
upon exposure to low salt has also been seen in other cases 
(Irace et al., 1981; Hargrove et al., 1994). The increased 
intensity may result when the tryptophans are relieved from 
an internal quenching in the folded state. Overall, the red- 
shift, along with the change in the spectral behavior, could 
be ascribed to loss of tertiary and/or secondary structure of 
ferredoxin at low salt (Staniforth et al., 1 998). 

The CD of salt-stabilized HsFd indicates 1) predominant 
^-sheet structure (—43%), 2) low a-helical content (23%), 
and 3) an intact [Fe2-S2] center. Our observation of a low 
a-helical content in the case of HsFd is in agreement with 
earlier reports (Werber and Mevarech, 1978; Frolow et al., 
1996). The crystal structure of Haloarcula marismortui 
ferredoxin has been reported to have a ^sheet content of 
25% (Frolow et al., 1996). Exposure to low salt induces 
unfolding, as indicated by an incremental random structure 
and a decrease in the secondary structure elements, in which 
the loss of ^-sheet is greater than the loss of a-helix. In 
addition, low salt also affected the tertiary connectivities of 
the aromatic residues and the [Fe2-S2] center^ 

That the HsFd structure is destabilized in low salt is again 
revealed by optical spectra. The absorption spectrum for the 
haloarchaeal ferredoxin in its salt-stabilized state exhibits 
maxima at 275 and 420 nm. The ^420^275 ratios for various 
ferredoxins have been determined and are found to have a 
characteristic value for any given species. This ratio can 
therefore be taken as a signature of the integrity of the 
[Fe2-S2] center and that of functionally intact protein. 



H. saHnarum ferredoxin from the flu- 
orescence intensity ratio Jj^iIy^Q. The 
protein is in 10 mM phosphate buffer 
(pH 7.3) containing the indicated salt 
concentrations. Symbols are as in Fig. 
2. The symbols are experimental 
points and the lines are the best fits, 
assuming a two-state process. 
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Lower values of this ratio, if they occur because of external 
perturbation, may therefore be ascribed to unfolding 
(Keresztes-Nagy and Margoliash, 1966; Werber and Me- 
varech, 1978), Our observation that this ratio gradually 
decreases upon exposure to low salt in a time-dependent 
manner clearly suggests that the integrity of the [Fe2-S2] 
center is affected by protein unfolding. 

The time-dependent destabilization of tertiary and sec- 
ondary structure and the integrity of the [Fe2-S2]^ center 
were followed at salt concentrations in the rang^O^l^^l' 
NaCl. A comparison of the rate constants (Table 2) reveals 
that for each of the salt concentrations the change is at 
maximum as determined by fluorescence and at minimum 
by CD spectroscopy- However, given that these disparate 
techniques monitor different aspects of overall protein 
structure and these three independent methods show a sim- 
ilar trend in the manner in which HsFd unfolding occurs, the 
half-lives determined by these methods are in general agree- 
ment with one another (Fig. 8). At the lowest salt concen- 
tration studied, ferredoxin tends to aggregate and precipitate 
after -70 h. 

Three distinct phases of structural destabilization are ob- 
served in our experiments- '^^^^nge|(^gO^=^) 
corresponds to electrostatic charge repulsion. This origi- 
nates largely from the large excess of negatively charged 
residues, aspartates and glutamates. HsFd has a total of 2 1 
"each of Asx and Glx (Kerscher et alrrl976)ras compared to - 
10 Asx and 14 Glx of E. coli (Knoell and Knappe, 1974). 
Negatively charged residues cover the entire surface, bar- 



ring the [Fe2-S2]center of H. marismortui ferredoxin 
(Frolow et al., 1996), which shows 88% homology to HsFd. 
These residues exist preferentially on the solvent-exposed 
side of a-helices and in loops that connect the various 
secondary structure elements. The crystal structure of this 
protein also suggests that the negative charges are shielded 
from each other by extensive solvation and are thus nonin- 
teracting (Frolow et al, 1996). The stability of HsFd in this 
range of salt concentration is, therefore, due to screening of 
these charges and the consequent stabilization of the a-he- 
lices and the loops. This is even more evidently the case for 
the amphipathic helix in the N- terminal 22-residue extra 
segment reported in H. marismortui ferredoxin. Because of 
the high homology, this helix is also expected in the HsFd, 
where the N-terminal segment contains nine negatively 
charged residues and no positive charges. This hyperacidic 
region of the protein, it is reasonable to assume, contributes 
largely to the stability of HsFd in the low-salt concentration 
range. Enhanced stability at lower pH values, where the 
side-chain carboxyl groups of these residues are undissoci- 
ated (protonated), and in the presence of lower concentra- 
tion of di- and multivalent cations supports the electrostatic 
charge screening (Baxter, 1959; Brown, 1963, 1964a,b, 
1965; Lanyi, 1974). In addition, the negatively charged 
residues have an excellent solvation capacity, and the bind- 
ing of water and/or salt to halophilic proteins is —10 times 
-more than that-for-nonhalophilic proteins (Ebel et al., -1992," 
1995; Bonnete et al., 1993). Indeed, the surface water in H, 
marismortui ferredoxin has been shown to have 40% more 
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FIGURE 8 Half-life of H. salinarum ferredoxin determined by fluorescence (O), absorption O. and CD (A) as a function of NaCl concentration. 
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hydrogen bonds (Frolow et al., 1996). The stabilization of 
the hyperacidic segment in HsFd is probably due to exces- 
sive solvation. The charge screening seems to continue in 
the intermediate salt concentration range as well, although 
its contribution to the overall stability is much less. In the 
high -salt concentration range the hydrophobic effects play a 
dominant role in the stabilization of halophilic proteins 
(Lanyi, 1974). The electrostatic interactions are affected to 
a smaller extent in this range (Elcock and McCammon, 
1998). HsFd also possesses a large excess of valine, glycine, 
alanine, and tyrosine (Kerscher et al., 1976) in comparison 
to the nonhalophilic counterpart (Kneel 1 and Knappe, 
1974). The contacts among these residues are expected to be 
affected by a change in the salt concentration in this range. 
A comparison with the crystal structure of the homologous 
H. marismortui ferredoxin reveals that a significant fraction 
of these residues occur in the /3- sheets. Our observations 
(Table 1) therefore suggest that the /3-sheets are preferen- 
tially destabilized by a reduction of salt and that their 
stabilization contributes significantly to the stability of the 
protein in this concentration range. The intermediate salt 
range effects could be due to contributions from hydropho- 
bic and specific residue interaction along with electrostatic 
charge screening. Further investigations with various cat- 
ions and organic solvents with varying degrees of hydro- 
phobicity might be helpful in e valuatin g t he relative contri - 
butions of negative charges and hydrophobic residues to the 
stability of ferredoxin from this haloarchaeon. 

We thank Prof. A. K. Singh, Department of Chemistry, I.I.T., Bombay, for 
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prepared the manuscript. 
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Three complete genome sequences of themiophilic bacteria 
provide a wealth of infomiation challenging cun^nt ideas 
concerning phylogeny and evolution, as well as the determinants 
of protein stability. Considering known protein structures from 
extremophiles, it becomes clear that no genera) conclusions can 
be drawn regarding adaptive mechanisms to extremes of physical 
conditions. Proteins are individuals that accumulate increments of 
stabilization; in thermophiles tfiese come from charge clusters, 
networks of hydrogen bonds, optimization of packing and 
hydrophobic interactions, each in its own way. Recent examples 
indicate ways for the rational design of uhrastable proteins. 
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Abbreviations 

CS citrate synthase 

DHFR dihydrofolate reductase 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

GluDH glutamate dehydrogenase 

Ms Halobacterium salinarium 

IPMDH 3-isopropylmalate dehydrogenase 

LDH lactate dehydrogenase 

PGK phosphoglycerate kinase 

PRAI phosphoribosyl anthranilate isomerase 

TIM triosephosphale isomerase 

Tm Thermotoga marittma 

Introduction 

Life on earth exhibits an enormous adaptive capacity. 
Except for centers of volcanic activity, the surface of our 
planet is 'biosphere'. In quantitative terms, the limits of the 
biologically relevant physical variables are —40 to ^-115°C 
(in the stratosphere and hydrothermal vents, respectively), 
<120 MPa (for hydrostatic pressures in the deep sea), 
a^ = 0.6 (for the activity of water in salt lakes) and 
«l<pH<l 1 (for acidic or alkaline biotopes). During evolu- 
tion, organisms achieved viability under extreme conditions 
either by 'escaping' or 'compensating' the stress or by 
enhancing the stability of their cellular inventory. In the 
case of temperature and pressure, there is no alternative to 
mutative adaptation for survival [1]. Here, we shall review 
the recent progress in research on protein stabilization, 
focusing on thermophiles with optimum temperatures of 
growth of more than 60°C (for hyperthermophiles, more 
than SO'C) and halophiles with optimum water activities 
around 0.6. Studies on proteins from acidophilcs and alka- 
lophiles have been scarce. Strict barophiles have recently 



been isolated — thousands of microbes were isolated from 
the first samples collected from the Challenger Deep at 
~1 10 MPa [2], but very few of them were truly barophilic 
[3*]. Their proteins are still terra incognita. 

Limits of stability and growth 

Proteins, independent of their mesophilic or extrcmophilic 
origin, consist exclusively of the 20 canonical natural amino 
acids. In the multicomponent system of the cytosol, these are 
known to undergo covalent modifications at extremes of 
temperature, pH and pressure (deamidation, p elimination, 
disulfide interchange, oxidation, Maillard reactions, hydroly- 
sis, etc. [4]), Extremophiles must compensate for amino acid 
degradation either by using compatible protectants or by 
enhanced synthesis and repair. Little is known about the 
chemistry involved, for example, in the hydrothermal 
decomposition of proteins, and even less is known about pro- 
tection and repair. Applying temperatures beyond lOO'C, the 
thermal stabilities of the common amino acids . are 
(Val,Leu)>Ile>Tyr>Lys>His>Met>Thi>Ser>Trp>(Asp,Glu, 
Arg,Cys). in many cases,„the. halfrlivcs of. the degradation 
reactions are significantly shorter than the generation time 
of hyperthermophilic microorganisms [5]; to this limit, bio- 
molecules could still be resynthesized at biologically 
feasible rates. The temperature at which ATP hydrolysis 
becomes the limiting factor for viability lies between 1 10 
and 140''C [6). This temperature limit coincides with the 
temperature range at which the hydrophobic hydration of 
proteins vanishes and water becomes an 'ordinary solvent' 
[1], Apparently, both the integrity of the natural amino 
acids and the formation of the hydrophobic core upon pro- 
tein folding are essential for viability. Extrinsic factors and 
compatible solutes may enhance the stability and shift the 
limits of growth of prokaryotes as well as eukaryotes [7]. 

Fundamentals of protein stability 

Proteins exhibit marginal stabilities that are equivalent to 
only a small number of weak intermolecular interactions 
[1,8]. In this respect, proteins from extremophiles do not 
differ strongly from their mesophilic counterparts. Their 
adaptation, either intrinsic or through interaction with 
extrinsic factors, is accompanied by only marginal increas- 
es in the free energy of stabilization. No general strategy of 
stabilization has yet been established. In recent years, 
however, well-defined increments of stability have been 
elucidated by analyzing ultrastable proteins and verifying 
their specific anomalies by rational design. As indicated by 
these studies, stabilization may involve all levels of the 
hierarchy of protein structure: local packing of the 
polypeptide chain, secondary and supersecondary structur- 
al elements, domains and subunits [4]. Taking thermal 
stability as an example, several experimental approaches 
have been used to assign specific structural alterations to 
changes in stability: selection of temperature-sensitive 
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mutants; systematic variations of amino acid residues in 
the core or in the periphery of model proteins; fragmenta- 
tion of domain proteins or modifications of connecting 
peptides between domains; and alteration of subunit inter- 
actions by mutagenesis or solvent perturbation [1,9]. 

Stability refers to the maintenance of a defined functional 
state under extreme conditions. High-resolution structures 
in the crystalline state and in solution have shown that the 
atomic coordinates of proteins can be determined down to 
a resolution better than 1 A. Even this precision, however, 
does not allow the calculation of the free energy of stabi- 
lization from coordinates, nor does it consider the 
dynamics as an essential prerequisite of protein function. 
The polypeptide chain may fluctuate between preferred 
conformations with amplitudes and angles up to 50 A and 
20°, respectively [10]. 

Considering extremophiles in comparison with their 
mesophilic counterparts, evolutionary adaptation is noth- 
ing more than the conservation of functionally important 
motions in such a way that, under altered physical condi- 
tions, the protein inventories of extremophiles and 
mesophiles are in 'corresponding states' [1], In this con- 
text, the stability of an individual protein refers to the 
native state, as well as the intermediates on its pathway 
from the nascent or unfolded ensemble of states (U) to 
the functional entity (N). Evidently, in order *to be 
extrcmophilic', a protein has to cope with the extreme 
conditions at all stages along its folding pathway. 

Stability and folding 

The driving forces that are responsible for protein folding 
reflect the hierarchy of contributions involved in protein 
stabiHzation, that is, on the one hand, the nearest neigh- 
bor and through-space short-range interactions that 
optimize packing and minimize cavity volume and, on the 
other hand, the entropy effects due to water release from 
hydrophobic surfaces 110,11]. Both the enthalpic and 
entropic contributions to the free energy of stabilization 
are affected by the extreme conditions we are dealing 
with. The difference in the stabilities of mesophilic and 
(hyper-)thermophilic proteins, AAGjsj_>U' ^^^^ exceed 
-100 kj/mol, that is, the equivalent of a few noncovalent 
interactions [12", 13']; often it is even lower, rendering the 
definition of general 'strategies* of thermal adaptation 
extremely difficult. This is especially true because the 
enthalpic contributions, in terms of additional stabilizing 
interactions, necessarily lead to the previously mentioned 
decrease in flexibility, which naturally corresponds to a 
decrease in conformational entropy. Thus, evolution had 
to find a balance between rigidity as a prerequisite of sta- 
bility and specificity, on the one hand, and flexibility, for 
example, in connection with ligand interactions and 
degradation, on the other. 

As a consequence of the parabolic temperature depen- 
dence of the free energy of stabilization, proteins exhibit 



Figure 1 



T 

b a c 


z 







T 

Cuirent Op titoo In S»wctiiraJ B^Mogy 

Hypothetical temperature profile of the free energy of (a) niesophiiic 
and (b-d) thennophilic proteins. AG is defined as the difference in the 
free energies between the native and denatured proteins. Tp, and T'^ 
are the n^etting temperatures of the mesophilic and thermophilic 
variants, respectively. The minimum of the AG parabola for a given 
protein (i.e. maximum st^tlity) is observed at a temperature that is 
much below the optimal growth temperature (Top, and of the 
respecti ve mesophilic or thermo p hilic or g anism. 



heat and cold denaturation (Figure 1). Commonly, the 
latter becomes detectable only under moderately desta- 
bilizing conditions [14,15"]. In the case of proteins from 
thermophiles, the AG versus temperature profile is 
either flattened or increased to larger AGn-^u levels, 
rather than being shifted to higher temperatures. The 
AG maximum is always far below the optimal growth 
temperature; this holds also true for the (hyper-)ther- 
mophilic proteins [12*, 16]. 

In order to simulate the effect of temperature on folding, 
the in vitro denaturation/renaturation of hyperthermophilic 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
was studied at 0-1 OCC. Refolding over a wide tempera- 
ture range was found to yield the native state, even beyond 
the physiological temperature range, indicating that ther- 
mal stability refers not only to the native state, but also to 
intermediates on the folding pathway, independent of 
their states of association. At 0°C, the hyperthermophilic 
enzyme is trapped as a tetrameric intermediate with 
molten globule-like properties; upon shifting the tempera- 
ture beyond -lO'C, the native state is reached 
instantaneously [16,17]. 

Regarding the folding kinetics, available data allow the 
conclusion that increasing intrinsic stability is reflected by 
a decrease in the rate of unfolding. In this context, mutant 
studies have shown that enhanced stability may be deter- 
mined kinctically rather than thermodynamically [18*]. 
Comparing the unfolding and folding kinetics of the all-P, 
single-domain cold-shock proteins from Bacilius subtilis. 
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The conservation of the unfolding/folding 
mechanism of cold-shock proteins, 
(a) Equilibrium unfolding transitions of cold- 
shock proteins from B. subtHis (A), 
B. caldolyticus (■) and T. man'tima (•) induced 
by guanidinium chloride (GdmO) at 25*C and 
monitored by intrinsic fluorescence. Least- 
squares ftt analyses based on the two-state 
model U =^ N (full lines) yield stabilization 
energies ^Ggtab = 11-3, 20.1 and 26.2 kJ/mol 
for B. subtHiSf B. catdotyticus and T. marHima 
Csp, respectively, (b) Kinetics of unfolding 
{open symbols) arKJ refolding (closed symbols) 
of S. subtilis (A», S. caldolyticus (□,■) and 
71 marhima Cap (0,#), respectively. The 
apparent rate constant, X, is plotted against the 
concentration of GdmQ. The fits are on the 
basis of the linear two-state model. 
Reproduced with pemiission from [20*]. 



B. caldolyticus and Thermotoga maritima (Tm) (denatu ration 
temperature = 52, 72 and ~90°C, respectively), unfold- 
ing was shown to exhibit significantly slower kinetics with 
strongly decreasing rates, in accordance with the increase 
in stability. On the ot her- hand, -folding occurred extremely. _ 
fast (t ~1 ms), in a simple two-state reaction with closely 
similar kinetics, despite numerous sequence variations 
among the three proteins (Figure 2) [19,20']. 

In the case of large proteins, generally, kinetic partition- 
ing, that is, aggregation as a side reaction, competes with 
proper folding [1 1]. As a consequence, due to (partial) irre- 
versibility, neither chemical denaturants nor temperature 
allow thermodynamic stability data to be determined. 
This is especially true for multidomain proteins and, to an 
even greater extent, for oligomers and multifunctional 
fusion proteins [16,18%21,22*]. In certain cases, full 
reversibility was accomplished by choosing appropriate 
solvent conditions [23]. Evidently, kinetic partitioning in 



vivo is taken caire of by molecular chaperones, if it is 
allowed to interpret the heat-stress response of, for exam- 
ple, Pyrodictium occultum^ Thermits thermophilus^ Sulfolobus 
shibatae and Methanopyrus kandleri along this line. All four 
,species._have_ been _shown_to^ express, ATP-dependent 
'thermosomes', sometimes to extreme levels [24,25]. The 
three-dimensional structure of these thermosomes 
exhibits a relationship with bacterial and eukaryal chaper- 
ones, with the only distinction being that the 
hyperthermophilic archaeal thermosomes obviously do 
not require co-chaperones; in the case of the thermosome 
from T. acidophilunty the apical domain seems to adopt this 
function (26%27"] (Figure 3). 

Forces and mechanisms involved in 
protein stabiiization 

The spatial structure of proteins is determined by electro- 
static forces between polar and ionized groups and by 
hydrophobic effects involving nonpolar residues. The 
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Structure of the hexadecameric 
T. acidophilum themiosome (class II) seen in 
(a) side view and (b) top view, illustrating the 
'cage-like' assembly with its eightfold 
symmetry. The apical domains close off both 
end cavities. Protrusions extend centrally from 
each thermosome apical domain, forming 
side-by-side contacts and a central p-sheet 
ring, comprising a built-in equivalent of GroES 
in the GroE system. Domains are colored in 
red (equatorial), green (intermediate) and 
yellow (apical). Within each complex, domains 
of aligned subunits are highlighted in blue 
(equatorial), light blue (intermediate) and violet 
(apical), (b) Thermosome a (red/violet) and P 
(yellow) apical domains. Reproduced wth 
permission from [38"1. 
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physical nature of the latter was recently interpreted as 
being entropic and enthalpic due to significant contribu- 
tions from van der Waals' forces [1,8*28]. Attempts to 
obtain quantitative estimates of the different types of 
weak interactions have been based both on a comparison 
of known X-ray structures of mesophilic and extremophilic 
homologs, and on thermodynamic studies of point 
mutants. The AAGj^^u for extremophilic proteins is of the 
same order of magnitude as the overall free energy of sta- 
bilization AGisj_j.u observed for mesophilic proteins. The 
following conclusions may be drawn regarding the signifi- 
cance of the various types of interactions: 

1. AGn_»U equivalent to the energy required to break, at 
most, five hydrogen bonds, corresponding to about 1% of 
their total number in the folded structure of an average 
single-domain protein [11,29]. 

2. In the unfolded state, a 10 kDa protein exposes about 
440 polar sites, half of them involved in internal hydrogen 
bonds in the native state. As a consequence, even a mar- 
ginal difference in hydrogen-bond strength between 
water-water and water-protein hydrogen bonds will be 
magnified to an energy change that may well exceed 

AGnz,u [29]. 

3. Water release from polar and nonpolar sites leads to an 
increase in entropy, which is supposed to be the driving 
force in many folding and assembly processes [30]. 

4. a helices and extended p structures contribute signifi- 
cantly to protein stability; in this context, helix-dipolc 
interactions with charged groups in their vicinity are 
highly significant [9,31]. 

5. Contributions may also come from multiple hydrogen 
bonds between arginine groups and backbone carbonyl 
oxygens [32]. 

. 6. Only about 70% of the theoretically available 
hydrophobic contributions are realized as a consequence 
of the balance of favorable contributions to AGjsj_^u on 
protein folding, leaving ample space for additional opti- 
mization [29]. 

7. As charged groups are commonly exposed to the aque- 
ous solvent, intramolecular coulombic interactions cannot 
be of major importance in protein stabilization, unless 
they forni clusters. Most of the polar sites in the cores of 
proteins are internally hydrogen bonded. The lack of this 
kind of internal saturation is found to be strongly desta- 
bilizing unless there are structured water molecules 
available to compensate for geometrical constraints 
[9,33]. Such 'ordered clathrate hydrates' have also been 
reported for patches of nonpolar residues exposed to the 
aqueous medium. Whether and how they contribute to 
stability is still unresolved [34], 



The effects of temperature, pressure, charge and water 
activity on weak intermolecular interactions are highly 
complex. In the case of temperature, direct measurements 
of intermolecular forces have shown that the energy per 
polar group can exceed the thermal energy [35]. Hydrogen 
bonds are favored at low temperature and become weaker 
as the temperature is increased. Due to the compensatory 
effects in the total energy balance, predictions with respect 
to the significance of any specific type of interaction can- 
not be made. 

Regarding the structural levels contributing to protein sta- 
bility, increments may originate from local nearest 
neighbor interactions, secondary and supersecondary 
structural elements, subdomains, domains and subunits. 
The cumulative effect in terms of, at least, qualitative 
additivity has been illustrated by fragment and mutant 
studies [9,10,21,36,37]. At the quaternary level, a remark- 
able feature of hyperthermophiles is the occurrence of 
anomalous states of association and fused multifunctional 
proteins. Obviously, the reduction in the accessible sur- 
face area is associated with extreme thermophilicity 
[38",39-47,48".49]. Phosphoribosyl anthranilate iso- 
merase (TmPRAI) and the bifunctional phosphoglycerate 
kinasc-trioscphosphatc isomerase (TmPGK-TIM) fusion 
protein from 77 marittma may serve as examples [39,47], 
TmPRAI is a dimcr with a complete (a[3)8-barrel fold. In 
the monomeric Escherichia coli enzyme, the as helix is 
replaced by a loop. The increase in stability comes from 
two long protrusions, which fit into cavities in the other 
subunit, thus favoring dimerization. Moreover, the 
sidechains of the N-terminal methionc and the C-terminal 
leucine are immobilized in a hydrophobic cluster and, 
finally, the number of ion pairs is increased [48**], In the 
case of the TmPGK-TIM fusion protein, a (-1) frame- 
shift leads to the expression of both monomeric 43 kDa 
TmPGK and tetrameric 286 kDa TmPGK-TIM [39]. 
The dissection of the gene and the subsequent cloning, 
expression and characterization of the separate TmTIM 
showed that, in holding the complex together through 
three-dimensional domain swapping [50], the dimer of 
dimers gains significant stability within the fusion protein 
[12*,21,22%51"]. The isolated entities are stabilized by the 
above increments. From a structural point of view, 
TmPGK in the fusion protein is practically indistinguish- 
able from its thermophilic and mesophilic counterparts 
[39,51 ',52]. In contrast, TmTIM (as the core of the fusion 
protein) differs significantly as a result of the additional 
intersubunit contacts (D Maes, RK Wierenga, personal 
communication). As one would expect for a complex mul- 
tidomain oligomer, the folding of the fusion protein is 
hampered by kinetic partitioning. /// vivo^ folding might 
be assisted by thermosomal chaperone activity. Lactate 
dehydrogenase (LDH) has been used as a paradigm to 
summarize the various strategies of intrinsic stabilization. 
In this case, octamer formation is an 'artifact' of overex- 
pression in E. coH, rather than a means of stabilization 
[53**, 54]. Apart from intrinsic protein stabilization and 
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The relative amino add compositions of mesophiles and 
thermophiles [38"*]. 



Amino acid* 



Mesophiles Thermophiles 



Charged residues (DEKRH) 24.11% 29.84% 

Polar/uncharged residues (GSTNQYC) 31 .1 5% 26.79% 
Hydrophobic residues (LMIVWPAF) 44.74% 43.36% 

^One-tetter abbreviations of the amino acid residues are given 
in brackets. 



chaperoning, extrinsic factors, such as ions, carbohydrates 
or cofactors, may have additional stabilizing effects [7,55]. 

Genomes, phylogeny and general 'rules' of 
extremophilic adaptation 

Inspecting available genome sequences and protein struc- 
tures, there seems to be no way to unambiguously 
correlate extremes of physical conditions with either the 
amino acid composition or the three-dimensional structure 
of a given set of homologous proteins. What has been 
gained with increasing detail is an understanding of the 
phylogeny of microorganisms and their genes [56]. 



16S ribosomal RNA has been used for more than a decade 
to analyze evolutionary relationships between organisms 
[57*']. As a result, the three domains of life — bacteria, 
archaea and eukarya — were defined, with the general 
conclusion being that bacterial and archaeal hyperther- 
mophilcs are close to the root of the phylogenctic tree, 
preceding their mesophilic counterparts. At this point, it is 
important to note that such phylogenctic relationships say 
nothing about the temperature at which life started [58]. 
The advent of complete . genome sequences made it clear 
that the phylogenctic tree has more complex roots than 
expected so far. Considering one single genome, single 
genes may or may not agree with the rRNA tree. Even 
more perplexing is the fact that genomes contain a mix of 



DNAs, some are close to archaea, while others are close to 
bacteria. The recently determined complete genome 
sequence of the hyperthermophilic bacterium Aguifex 
aeolicus [38"] shows the phenomenon in a unique way. A 
comparison of several of its genes with their counterparts 
in a range of species from all three domains of life reveals 
that Aguifex gets different pylogenetic placements, 
depending on which gene is being considered. It looks as 
if each gene has its own history, possibly due to lateral 
gene transfer or the 'swapping of genes' among organisms. 
Although the mechanism of gene swapping is still 
unknown, there seems to be no better explanation for the 
observation that 17 out of 34 families of eukaryotic pro- 
teins that date back to early cell evolution look as if they 
come from bacteria, while only eight families show a 
greater similarity to archaea, the supposed ancestor of 
eukarya. In spite of these inconsistencies, presently avail- 
able genome sequences still fit the three-domain 
hypothesis [59*]. 

Among the 14 bacterial and archaeal genomes sequenced 
so far, five belong to hyperthermophilcs: Aguifex aeolicus, 
Archaeoglobus fulgidus^ Methanobacterium thermoautotroph- 
icum, Methanococcus jannaschii and Pyrococcus horikoshii 
_ ( h t tp ://www. nc b i. nl m . n i h . gov/Entrez/Genome/org .html )^ 
A comparison of these genomes with respect to specific 
genes from mesophiles provides a data set that is suffi- 
ciently large to extract certain trends in amino acid usage 
(Table 1). Some correlations seem to hold — compared to 
mesophiles, genomes of thermophiles encode higher lev- 
els of charged amino acids, primarily at the expense of 
uncharged polar residues. Glutamine, in particular, seems 
to be significantly discriminated against in hyperther- 
mophilcs (compare [60]). This observation might be 
rationalized by an increased rate of deamidation of this 
residue at higher temperatures. One might expect the 
same difference in the number of asparagines; however, 
this residue does not appear to be subject to similar dis- 
crimination [38'*]. 
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Circular dichroism measurements of the 
Streptococcal protein Gpl domain and its 
mutants with opttmtzed core packing, a 
decreased hydrophobic surface area and 
improved secondary structure propensity. For 
the nomenclature of the mutants, 'c' refers to 
residues in the core, whereas 'b' starKls for 
bordering residues. Profiles from left to right 
refer to: Gpl (wildtype); Gp1-c3 (Y3F, L7I, 
V39I); Gpl -c3b1 (Y3F, L7I, V39I, T25E); Gpl - 
c3b2 (Y3F, L7I, V39I, T61I, T18I); Gpi-c3b4 
(Y3F, L7I, V39I, T61 1, Tl 81, T25E, V29I). 
(a) Thermal unfolding, (b) Chemical 
denaturation by guarudinium chloride at SCC 
[66**1. Reproduced with permission from [66-1. 
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Earlier attempts to find 'traffic rules' of protein stabiliza- 
tion were based on sequence comparisons in relatively 
small sample sizes. A critical analysis proved these early 
predictions to be statistically insignificant [61]. Examining 
the increasing number of high-resolution structures, a vari- 
ety of strategies of thermal adaptation have emerged 
[62-64]. Recently, Vogt and Argos [65], in an attempt to 
rank the strategies proposed so far, examined 16 protein 
families, each with at least one known thermophilic and 
one known mesophilic structure, focusing on hydrogen 
bonds, ion pairs, polar surface composition, internal cavi- 
ties, packing densities and secondary structure 
composition. The results show that enhanced thermosta- 
bility is correlated with a consistent increase in the number 
of hydrogen bonds and ion pairs, apart from an increase in 
polar surface area. 

The picture that is now emerging of the stabilization 
effects of hyperthermophilic proteins, showing a mosaic of 
different strategies of thermal adaptation, has been tested 
and supported by the prediction of mutagenesis effects, as, 
for example, in the case of the Streptococcal protein Gpl 
[66"]. A sevenfold mutant of the protein was designed by 
an objective computer algorithm that modeled in parallel 
several complex contributions to stability into the protein, 
incorporating optirnized core packing, increased" burial ~of" 
hydrophobic surface area, more favorable hclix-dipole 
interactions and the improvement of secondary-structure 
propensities. The stabilization effects were found to be 



additive, with a AAG of 18 kj/mol and a shift in the thermal 
transition from SS^C for the wildtype protein to more than 
99''C for the sevenfold mutant (Figure 4). 

In a limited number of cases, enzymes from psy- 
chrophiles have been used in order to expand the 
temperature scale and confirm present ideas on protein 
stabilization. Summarizing the state-of-the-art, it appears 
that the adaptive mechanisms involve weakening of 
intramolecular interactions and/or increasing interactions 
with the solvent; both these tendencies lead to enhanced 
flexibility, that is, catalysis at a lower energy cost [67*]. 
TIM [68'], 3-isopropylmalate dehydrogenase (IPMDH) 
[69] and citrate synthase (CS) [70] have been studied in 
attempts to recognize specific adaptive strategies. In the 
latter two cases, a comparison of the amino acid composi- 
tions, as well as sequence alignments and homology 
modeling, have shown that there are no traffic rules, 
except for an increase in extended surface loops and a 
decrease in the number of proline residues in loops, 
equivalent to an increase in the configuraiional entropy 
of the denatured state. The observed changes in charge 
distribution are difficult to classify. 

A pairwise comparison of homologous proteins with dif- 
Terent thermal "sfabili ties" has" been widely appliecl'in ordeT 
to discover strategies of thermal adaptation. Based on 
known three-dimensional structures, stabilizing features 
were deduced. In order to test the proposals, site-directed 



Tabie 2 


Strategies of thermal stabilization of selected thermophilic enzymes. 


Protein 


Major cause(s} of thermostability* 


CS 


Increased compactness, enhanced subunit interactions, increased number of intersubunit ion pairs, 


(P. furiosus) 


shortening of loops [88**]. 


Ferredoxin 


Structurally: stabilization of a helices; replacement of confomnationally strained residues by glycines; 


{T. maritima) 


strong docking of the N-terminal methionine; increase in the number of hydrogen bonds [89], 




Thermodynamically: flat AG versus temperature profile caused by a low ACp of unfolding [90*]. 


Ferredoxin 


Extension of the hydrophobic core, a unique hydrophobic patch on the surface of a p sheet, 


{Synechococcus elongatus) 


two unique ion-pair networks [91]. 


GtuDH 


A series of extended ion-pair networks on protein subunit surfaces and ion-pair networks buried at 


(P. furiosus) 


interdomain and intersubunit interfaces, enhanced pacWng within the inner core, amino acid 


replacements increasing the hydrophobicity and sidechain branching {Val->lle) 192,93*]. 


GAPDH 


t^rge number of additional salt bridges [941. 


(T. maritima) 




Indole 3-glycerol phosphate 


Large number of additional salt bridges (partly cross-linking adjacent helices), increased helix capping, 


synthase {Sulfotobus soffataricus) 


dipole stabilization, increased hydrophobic interactions, strengthening of chain termini 


and solvent -exposed loops [95]. 


IPMDH 


Increased number of ion pairs and hydrogen bonds, extended hydrophobic subunit interactions and 


{T. thermophilus) 


improved packing of the hydrophobic core, shortened chain termini [96**,97*,98'J. 


LDH 


Increased number of ion pairs, decreased hydrophobic surface area, increased helicity, less 


{T. maritima) 


cavity volume [53"]. 


PGK 


Increased rigidity by additional ion pairs, stabilization of a helix and loop regions, stabilization by fusion 


(T. maritima) 


with TIM [23.51 -,52]. 



^Listed according to the authors' priorities (if described). ACp, heat capacity change. 
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Figure 5 



Hydrogen-deuterium exchange of GAPDH from T. maritima (dosed 
symbols) and rabbit (open symbols), measured at pH 6.0 (#,0) and 
70 (A, A) plotted as relaxation spectra. For experiments details, see 
[72]. (a) Measurements at constant temperature (25°C); increasing 
X values reflect increased rigidity, (b) Measurements at 68'C for 
TmGAPDH and 2S'C for rabbit GAPDH. Coincidence of the curves 
indicates similar flexibility (P ZAvodszky, C BOthe, J Kardos, A Svingor, 
R Jaenicke, unpublished data). 



mutagenesis or similar control experiments were 
performed. Examples of strategies of thermal adaptation 
are given in Table 2. 

On going from lower to higher growth temperatures, 
numerous differences are most frequently reported: the 
clustering of (intrasubunit and/or intersubunit) ion pairs; 
improved packing of the hydrophobic core (increased van 
der Waals' interactions); additional networks of hydrogen 
bonds and enhanced secondary structure propensity; 
increased helix-dipole stabilization; an increased polar sur- 
face area; a decreased number and total volume of cavities; 
and burying hydrophobic surface area by either tightening 
interdomain and intersubunit contacts or by increasing the 
state of association. For a collection of 'recipes' to improve 
thermal stability, see [71]. The common denominator of all 
the adaptive changes is the conservation and optimization 
of the functional state of the given protein. 



Experimentally, this can be defined either by biological 
activity or by physical parameters connected with the flex- 
ibility or rigidity of the polypeptide chain. A suitable 
approach is hydrogen-deuterium exchange kinetics at var- 
ious temperatures. They confirm the hypothesis that 
under optimum physiological conditions, proteins are in 
corresponding states [1,72,73] (Figure 5). 

'Halophiles 

Halophilic proteins require multimolar salt concentrations 
for activity and denature at low salt. Malate dehydrogenase 
from Haharcula marismortui was the first extremely 
halophilic enzyme structure to be solved by X-ray crystal- 
lography, ending a long physicochemical odyssey from a 
*dimeric core with loops' to the real tetrameric 'LDH 
homolog' [74]. Anomalous features of the protein include 
an excess of acidic residues over basic residues and an 
increase in the number of intramolecular salt bridges com- 
pared to nonhalophilic homologs [75]. An explanation for 
its halophilicity is its tendency to increase water binding to 
the protein surface, in order to compete with the highly 
concentrated salt solution for water of hydration. This idea 
was confirmed by the significant increase in peripheral 
hydrogen bonds in the case of the 1.9 A X-ray structure of 
— 2Fe-2S-ferredoxin-from-//-ff/tfm«(?rtto/-[76]r0n-the-other- 
hand, the observed significant increase in halophilicity 
after mutating a single glutamic acid position (unique in 
halophilic malate dehydrogenases) to arginine sheds some 
doubt on the hypothesis [77]. An additional feature of 
halophilic adaptation, which emerged from homology 
modeling of glutamate dehydrogenase (GluDH) from 
Halobacterium salinarium (Hs), is a significant reduction in 
'exposed hydrophobic character', due to a decrease in the 
number of surface-exposed lysine residues [78*]; whether 
this finding will stand the experimental test of X-ray analy- 
sis remains to be seen. 

Considering the X-ray structure of a moderately halophilic 
protein, monomeric dihydrofolate reductase (DHFR) from 
Hahferax volcanii, no striking differences from its 
mesophilic counterpart have been detected, except for 
some charge clusters of negatively charged residues [79"]. 
Similar observations were reported for the dimeric dihy- 
drolipoamine dehydrogenase from the same source. In this 
case, site-directed mutagenesis of four coordinated gluta- 
mate residues involved in a charge cluster at the subunit 
interface was shown to have a profound effect on the salt 
dependence of the activity of the enzyme [80*]. 

In summarizing available data, halophilic enzymes do not 
exhibit specific structural properties. The most notable 
feature is the presence of clusters of negatively charged 
residues; their repulsion at low salt may account for the 
instability of halobacterial proteins at low salt. A similar 
structural motif, with the associated salt effect on stabili- 
ty, is also present in nonhalophilic proteins, such as 
ribonuclease Tl [81]. 
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Conclusions 

The significant enhancement in our understanding of 
extremophilic adaptation has lately come from four direc- 
tions: the discovery of more extreme extremophilcs; 
complete genome sequences; new genetic methods; and 
rapidly increasing numbers of high-resolution, three- 
dimensional structures of proteins. Regarding 
thermophiles, a maximum growth temperature of IIS'C 
has been the latest news for the Guinness Book of Records 
[82]; apart from this minor sensation, successful expedi- 
tions to the abyssal depth of Challenger Deep brought 
thousands of microorganisms to the surface, although very 
few of them were barophilic (2,3']. Time will show 
whether any common properties exist within the broad 
barotolerant microbial population and its nucleic acids and 
proteins. The second direction has opened new horizons 
into phylogenetics, both unveiling incongruities of the 
phylogenetic tree, from its root to its major branchings, and 
generating new scenarios that will soon lead to a boom of 
experiments both in genetics and in biocomputing. The 
third point, that is, new techniques, such as directed evo- 
lution, will become essential, because simulating evolution 
needs fast selection methods, which are becoming increas- 
ingly available. Finally, X-ray analysis has become a 
-common-tool-in many- laboratories,-so.the-number-of-high-— 
resolution structures is growing at an unexpected pace. It 
may sooner or later reach the level at which the sample size 
becomes sufficiently large for significant statistical analy- 
ses. With the increase in information from the regime of 
thermophiles, a limited number of strategies of stabiliza- 
tion has emerged, which may be used for careful 
predictions, as well as in industrial applications. A recent 
illustration is the cumulative mutation approach underly- 
ing the engineering of a thermolysine-like protease that 
combines low temperature activity with thermal stability 
beyond the boiling point of water [83]. In this context, the 
potential of chemistry both to expand the protein alphabet 
by including noncanonical amino acids or to increase 
chelating affinity for extrinsically stabilizing ligands 
promises to be a gold mine for future protein chemistry 
and bioengi nee ring studies [84-87], 

Restricting ourselves to the canonical amino acids, ther- 
mostability has been shown to be the cumulative effect of 
packing efficiency (mainly through van der Waals* interac- 
tions), networks of ion pairs and/or hydrogen bonds 
(including a-helix stabilization), the reduction of confor- 
mational strain (loop stabilization) and resistance to 
chemical modification. Comparing mesophilic and ther- 
mophilic enzymes, the increase in conformational rigidity 
suggests that evolutionary adaptation tends to maintain 
corresponding states with respect to conformational flexi- 
bility, that way optimizing biological function under 
specific physiological conditions. In halophiles, the corre- 
spondence is assumed to refer to the state of hydration of 
the protein. The complexity of multicomponent thermo- 
dynamics does not, however, allow clear-cut adaptive 



strategies to be defined. The same holds true for 
barophiles, acidophiles and alkalophiles. 

Obviously, extremophilic adaptation refers to proteins in 
their native state, as well as in their nascent state. Since 
misfolding is expected to be an important side reaction 
under extreme conditions, the discovery of molecular 
chaperones in hyperthermophilcs did not come as a sur- 
prise. Given their complex assembly structure, however, 
the determination of their spatial structure at high resolu- 
tion has been a most amazing success. The elucidation of 
their function as a cage or an excluded volume component 
might be the subject of a future anicle in Current Opinion 
in Structural Biology dealing, for example, with hyperther- 
mophilic heat-shock proteins. 
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A homology-based modeling study on the extremely 
halophilic glutamate dehydrogenase from Halobacte- 
rium salinarum has been used to provide insights into 
the molecular basis of salt tolerance. The modeling re- 
veals two significant diff'erences in the characteristics 
of the surface of the halophilic enzyme that may contrib- 
ute to its stability in high salt. The first of these is that 
the surface is decorated with acidic residues, a feature 
previously seen in structures of halophilic enzymes. The 
second is that the surface displays a significant reduc- 
tion in exposed hydrophobic character. The latter arises 
not from a loss of surface-exposed hydrophobic resi- 
dues, as has previously been proposed, but from a reduc- 
tion in surface-exposed lysine residues. This is the first 
report of such an observation. 



' '^'^In'^Highly salinie ;envirdhmentsr for example in ■. salt lakes L^or^ in ^ 
'^'^desiocatin^^alt^areliesf^hra^ 
3 tM,^sthe^dominant4microorg£^^ 

Archaea;(y.Jliese halophilic oi^anisnis accumulate.inOT 
' ions .within r, the cell at conceiitrattons "equivalent ' to ^or.= greater.^, 
/.5a=^^tlMtn^timr6f^tKe^ there- 
fore speciaUzed- to function, tin 6£dt co^nditiras.^The ease 

with which these organisms are grown aind the' absence of a 
necessity for aseptic conditions makes them very attractive for 
commercial applications including, among others, production of 
bio-degradable plastics (3) £ind cosmetics (4). Furthermore, 
salt, like solvents, dehydrates enz3rmes, and therefore, infor- 
mation about the survival mechanisms of halophiles could well 
enable other enzymes to be modified to function efficiently in 
other solvents more relevant to the conditions used in many 
industrial processes (5). 

The cimino acid sequence of glutamate dehydrogenase 
(GluDH)^ from Halobacterium salinarum (Hs) reveals that this 
enzyme contains a high number of acidic amino acids (6, 7), but 
as yet, a three-dimensional structure is not available for this 
GluDH. In previous work we have determined the high resolu- 
tion structures of the GluDHs from the mesophile Clostridium 
symbiosum iCs) (8, 9) and from the hyperthermophilic ar- 
chaeon Pyrococcus furiosus iPf) (10). The close similarity in the 
sequence of the halophilic enzyme to these other GluDHs im- 
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plies that the proteins possess closely related three-dimen- 
sional structures. This led us to carry out a homology-based 
modeling study on this halophilic enzyme, enabling us to ex- 
amine the distribution of particular residues and thereby con- 
tributing to a further understanding of the molecular basis of 
salt tolerance. 

EXPERIMENTAL PROCEDURES 
Sequence Alignment — The GluDH sequences from a diverse range of 
species show a very hi^ d^ree of sequence similarity (6, 11, 12). 
Furthermore, the structures of this enz3Tne from Cs and iy are also very 
similar (10), strongly suggesting that the core of the three-dimensional 
structures of GluDH are highly conserved, and therefore these struc- 
tures can serve as models for all other hexameric GluDHs. The se- 
quences of the GluDHs from Cs (11) and Pf (13, 14) were aligned against 
one another using their three-dimensional structures eis a guide. The 
alignment of the sequence of the GluDH from Hs (6) against those of the 
Cs and iy enzymes was greatly simplified by its similarity to the latter 
(47% identity) (Fig. 1), Of the 68 residues strongly conserved across the 
family of GluDHs, 57 are conserved in the Hs enzyme. This su^ests 
that the key residues concerned with the maintenance of the catalytic 
properties and structural framework of the enzyme are not modified by 
the necessity of the halophilic enzyme to operate in high salt conditions. 
Throughout this paper, unless specified, the Hs GluDH sequence num- 
bering is used to identify equivalent residues in the other GluDH 
sequences. 

Construction of the Model of Hs GluDH — ^To date the structures of six 
glutamate dehydrogenases have been determined; C. symbiosum (8) 
Escherichia coli^ Neurospora crassa,^ Pyrococcus furiosus (10), Ther- 
motoga maritima (15), and Thermococcus litoralis.* The r.m.s. fit based 
on 436 residues of the Cs struct;ire to that of £. coli is approximately 0.8 
A despite a sequence identity of only 52%. Even between the Cs and Pf 
enzjones (identity 32%), the r.m.B. fit based on 210 out of 419 equiva- 
lenced residues is only 1.0 A. Thus, given the close sequence relation- 
ship between the Hs and iy enzymes (identity 47%), we have chosen to 
model the Hs enzjrme onto the Pf structure using the other GluDH 
structures as a guide where small insertions or deletions make these 
more appropriate. 

The sequence information from the alignment together with the 
program FROIX) (16) was used to produce an atomic model for the 
halobacterial GluDH based primarily on the structure of the more 
closely related Pf enzyme. The mtgor differences between this model 
and the structure of the /y enzyme relate to differences in the path of 
the main chain caused by the occurrence of small insertions and dele- 
tions. Such differences are found in six regions and involve only 35 
residues out of the 428 residues present io the model. First, at the N 
terminus, the level of sequence homology between iy and Hs GluDH is 
particularly poor, and an additional 21 residues are found in the latter. 
In comparison, the clostridial enzyme has an additional 15 residues 
with respect to pyrococcal GluDH, with these residues folding to form 
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Fig. 1. Alignment of the sequences of the GluDHs (GZJfO from Cs, Hst and Pf. The amino acids for each sequence are identified by the 
single letter code, with those in lower case representing the N-terminal amino acids that are disordered in the x-ray structures of Cs and GluDH 
and where, in the Hs enzyme, there is no equivalent in either of the other two GluDH sequences. These residues have not been included in the 
analysis. Positions of insertions and deletions between the sequences are indicated by -. The secondary structural elements of the three- 
dimensional structure of the Cs GluDH are shown above, with helices represented by cylinders and strands shown as arrows. A similar 
representation of the three-dimensional structure of the GluDH is shown below. The numbering displayed beneath the alignment corresponds 
to the halophilic enzyme sequence. Residues that are located within 6 A of any atom of the bound glutamate substrate or the dinucleotide cofactor 
are indicated by O and A, respectively. Where residues lie within this limit for both bound substrate and cofactor, the residues are highlighted by 
•. The solvent-accessible surface area of the side chains in the hexamer of the three GluDHs were calculated by the method of Lee and Richards 



Molecular Basis of Salt Tolerance in GluDH 



9025 



an extra helix. We have therefore chosen to ignore the first six of the 
additional residues in the halophilic enzyme and to model the remain- 
der as a helix, as foimd in clostridial GluDH. Inspection of the model 
appears to support this, as all six acidic residues in this region fall on an 
exposed face of the helix, and the only other charged residue (His- 11) is 
partially exposed to solvent. 

Elsewhere, the Cs GluDH structure was only used to model those 
loop regions where differences in length in the alignment occurred 
between the two archaeal enzymes but where similarities in length 
with the clostridial enzjrme were noted. Hiis affects the structure 
around residues 186-189, 226-228, and 250-253 inclusively in the Hs 
GluDH. The construction of this hybrid model therefore involved some 
local rebuilding and geometry regularization at the "annealing" points 
between the two structures but also at one other location where there 
was a deletion of one residue in the Hs sequence with respect to both the 
Cs and Pf GluDH structures (between residues 292 and 293 in Hs 
GluDH). Finally, the Hs sequence is one residue shorter at the C 
terminus. 

This mode! was then used to provide the structural backbone onto 
which the relevant side-chain residues were substituted to produce a 
model for the Hs GluDH. If side chains were in common between the 
GluDH structure being used (primarily that of the Pf enzyme) and the 
Hs GluDH sequence, their conformations were retained. Where side 
chains required substitution, the position of the replaced residue was 
maintained as far as possible unless this introduced unacceptable steric 
clashes. Analysis of the final model using PROCHECK (17) suggested 
that the torsion angle distribution is typical for that seen in a high 
resolution protein structure, and there are no residues with disallowed 
Ramachandran angles. 

Analysis of the Model — The solvent-accessible surface areas for each 
atom of both a monomer and the hexamer of the three enzymes were 
calculated using the algorithm of Lee and Richards (18), excluding the 
solvent molecules of the models. The resulting solvent-accessible areas 
for each residue were expressed as a fraction of the total solvent- 
accessible surface area for each type of amino acid (19). Atoms that 
recorded different solvent-accessible areas between the monomer and 
the hexamer were defined as the buried surface area on hexamer, 
assembly. The definitions of Miller et al. (20) for nonpolar, polar, and 
charged constituents of proteins were used to tabulate the chemical 
composition of the surface. 

RESULTS 

Differences in Amino Acid Composition 

The comparison of the amino acid compositions between 
halophilic proteins and their mesophilic counterparts has high- 
lighted the emergence of three general trends in halophilic 
proteins: an excess of acidic over basic residues, an increase in 
the "borderline" hydrophobic residues serine and threonine, 
and a collective decrease in the strongly hydrophobic residues 
valine, isoleucine, leucine, and phenylalanine (21). Analysis of 
the amino acid compositions for the mesophilic, halophilic, and 
hyperthermophilic GluDHs (Table I) shows that the halophilic 
GluDH contains significantly more acidic residues, with 64% of 
the total number of charged residues being either aspartate or 
glutamate compared with 51 and 53% of such residues in the Pf 
and Cs enzjnnes, respectively. In total, the halophilic enzyme 
contains 77 acidic and 44 basic residues in each subunit, which 
gives rise to an overall negative chaise of 198 for the hexamer. 
This compares with the significantly lower values for the net 
charge of -18 and -42 for the hexamers of P/" and Cs GluDH, 
respectively. 

Although the number of glutamate, histidine, and arginine 
residues is similar for all three enzjnmes, the number of aspar- 
tate residues increases ftxim 24 to 37 between the hyperther- 
mophilic and halophilic GluDHs, At the same time, there is a 
dramatic reduction in the number of lysines from 32 to 13 in 



Table I 

Amino acid composition of the GluDHs 
from Cs (11), Hs (€) andPf(13, 14} 



Amino Acid 


Cs 


Ha 


Pf 


Asp 


24 


37 


24 


Asn 


20 


13 


15 


Ala 


43 


49 


39 


Arg 


18 


24 


20 


Val 


45 


39 


35 


Pro 


20 


24 


19 


Gly 


48 


33 


34 


Glu 


34 


40 


36 


Gin 


16 


12 


11 


Cys 


2 


3 


1 


Met 


17 


10 


12 


ne 


20 


, 22 


35 


IjCU 


27 


27 


24 


Lys 


27 


13 


32 


His 


6 


7 


5 


Tyr 


21 


15 


20 


Phe 


19 


4 


10 


Trp 


5 


9 


10 


Ser 


20 


22 


14 


Thr 


17 


31 


23 


Total 


449 


434 


419 



the same two enzymes. Similar increases in acidic residues and 
lowered lysine content have been found in a comparison be- 
tween the sequences of elongation factor EF-Tu from Halobac- 
terium marismortui and its counterpart from the mesophile 
Metkanococcus vannielii (22), Consideration of the other poten- 
tially significant differences in composition shows there to be 
an increase in the proportion of threonine and a decrease in the 
proportion of phenylalanine in the halophilic GluDH compared 
with both enzymes and a reduction in isoleucine and increase 
in serine with respect to the Pf enzyme, all of which are fully 
consistent with the trends noted by Lan3d (21). 

Location of the Sequence Differences on the 
Three-dimensional Structure of GluDH 

Analysis of Changes in the Buried Core — The subimit struc- 
ture of the Pf GluDH is shown schematically in Fig. 2. Each 
subunit in this hexameric enzyme is organized into two do- 
mains separated by a deep clefl, which forms the active site 
(Fig. 2). Sequence substitutions of totally buried residues al- 
most exclusively involves conservative replacements from 
within the set of hydrophobic amino acids (Fig. 1). Substitu- 
tions within the subset of largely buried strongly hydrophobic 
residues (defined as having between 0 and 20% surface area 
accessible to solvent) commonly involves exchanges from 
within the set of hydrophobic amino acids, although the re- 
placement by borderline hydrophobic residues such as threo- 
nine is also observed (Fig. 1). The replacement of hydrophobic 
residues that are partially exposed to solvent (defined as hav- 
ing at least 20% of the residue surface , accessible to solvent) 
frequently involves modification to a polar or charged amino 
acid. 

Analysis of the Intersubunit Interface — Analysis of the na- 
ture of the subunit surface that is buried on assembly of the 
hexamer (Table 11) shows that the smaller proportion of non- 
polar constituents observed for the solvent-accessible surface of 
the halophilic enzyme is repeated at this interface. Not surpris- 
ingly and in contrast to the solvent-accessible surface, the 



(18). The resulting accessible areas for each side chain were then expressed as a fraction of the total solvent-accessible surface area for each type 
of amino acid (19). The expwsed surface area for the residues in Cs and jy GluDHs are given as a sequence of integers from 0 to 9 immediately above 
or below the sequences for the Cs and Pf enzymes, respectively, where each number represents residues whose side chains have 1—10, 11-20, 
21-30%, etc. of their surface solvent-accessible. Totally buried residues are indicated by a *. References for the sequences given are Cs (11), Hs (6), 
and Pf (13, 14). 
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Fig. 2. A MOLSCREPT representa- 
tion of the fold of the polsnpeptide 
chain of a single subunit of the Pf 
GIuDH is shown schematically (27). 
In this view, the 3-fold axis of the GluDH 
hexamer runs vertically. The enzyme is 
oi^anized into two domains separated by 
a deep cleft. Domain I (upper) is respon- 
sible for subunit assembly, whereas do- 
main n (lower) contains the nucleotide 
binding site. The elements of secondary 
Btructure are labeled with numbers repre- 
senting helices (1—14) and letters for 
strands (a-m). 




Table II 

The overall solvent-accessible surface areas for the GluDHs from Cs, 
Hs, and Pf calculated by the method of Lee and Richards (18) 
for both the monomers and hexamers 
Analysis of the chemical composition of the solvent-accessible surface 
area and the surface areas that are buried at the subunit interfaces in 
the hexameric GluDHs from the Cs, Hs, and Pf, respectively, in terms 
of nonpolar, polar, and charged constituent atoms. These calculations 
are based on the method of Miller et al. (20). 





Cs 


Hs 


Pf 


Solvent-accessible surface areas (A'') 








Monomer 


18,500 


18,500 


17,000 


Hexamer 


88,000 


93,000 


82,500 


Characteristics of the solvent-accessible 








region (%) 








Nonpolar 


47 


43 


48 


Polar 


29 


25 


24 


Negatively charged 


13 


24 


17 


Positively charged 


11 


8 


11 


Characteristics of the subunit interface 








region {%) 








Nonpolar 


51 


44 


48 


Polar 


26 


28 


25 


Negatively charged 


7 


11 


10 


Positively charged 


16 


17 


17 



number of charged residues and the charge balance at the 
intersubiinit interface for these three GluDHs is very similar 
(Table II). This similarity is not surprising but strongly sug- 
gests that there are no gross errors associated with the mod- 
eling of the Hs enzyme. 

The Nature of the Solvent-accessible Surface Area — Charac- 
teristics of the surface accessible to the solvent in the hexamers 
of the hyperthermophilic and mesophilic GluDHs from Pf and 
Cs have been analyzed previously (10). This study showed that 



although the proportion of the nonpolar surface was constant 
between these two enzymes, there was an increase in the 
charged nature of the hexamer surface in the hyperthermo- 
philic P/ enzyme (24 and 28% of the solvent-accessible area in 
the Cs and Pf enzymes, respectively) and a corresponding de- 
crease in the occurrence of polar groups relative to the Cs 
GluDH. Extending the study to include the Hs GluDH model 
(Table II) revealed a smaller proportion of nonpolar compo- 
nents and an even larger proportion of solvent-accessible 
charged groups relative to the Cs and Pf enzymes. Further 
examination of the area of the molecular surface that carries a 
formal charge has revealed that in each of the three GluDHs, 
the solvent-accessible surface area contains a higher propor- 
tion of negatively charged groups compared with the proportion 
of positively charged groups. However, this ratio is dramati- 
cally increased for the halophilic enzyme model, resulting in a 
surface predominantly covered in negatively charged residues. 
This is consistent with results obtained from the structure 
determinations of the malate dehydrogenase and the ferre- 
doxin from the halophile Haloarcula marismortui (23, 24). The 
net charge density for the hexamer of the halophilic GluDH is 
-2.6 X 10^ eA^2, far greater than the values of -0.9 X 10^ 
eA~^ and -0.5 X 10^ eA~^ for its mesophilic and hyperther- 
mophilic counterparts, respectively, and comparable to the re- 
ported net charge densities of other halophilic proteins (24). 
These significant differences in the acidic nature of the hex- 
amer surface can be seen both as a fimction of the electrostatic 
potential and in terms of the distribution of the charged resi- 
dues on the protein surface (Fig. 3). 

If we consider only those residues that are either partially or 
wholly accessible to the solvent, it is evident from the compar- 
ison of the three GluDHs that the larger total of exposed acidic 



Fig. 3. Comparative views of the 
surfaces of the halophiiic, meso- 
philic* and thermophilic GIuDHs to 
illustrate the different surface prop* 
erties. a-c, views down the 3-fold axis of 
the molecular surfaces of the Hs, Cs, and 
Pf enzymes, respectively, to show the 
electrostatic potential at 0 m salt concen- 
tration, prepared using the program 
GRASP (28) {red corresponds to a sur- 
face potential less than —20 kcaUmol- 
electron)"^; blue corresponds to a poten- 
tial greater than -»-20 kcaKmol -electron)'^), 
the same view of the molecular surface 

, of- the , hexameric _ GluDH _ from . Hs^pre-- 

pared using the MIDASPLUS program 
(29, 30), hi^lighting the distribution of 
charged residues on the enzyme surface. 
All guanidinium, imidazole, and amino 
groups present in arginine, histidiue, and 
lysine residues are shown in blue, and 
carboxyl groups Eissociated with aspartate 
and glutamate residues are shown in red. 
e-g, views parallel to the 2-fold axis 
(drawn in the same manner as d) of the 
CSf Pf, and Hs enzymes, respectively, h, a 
close-up of the molecular surface in the 
active-site region of the Hs enzyme. The 
location of the bound glutamate (green) 
and coenzyme (magenta) are shown, re- 
vealing the lack of negatively charged res- 
idues in the vicinity of the two binding 
sites, in sharp contrast with the remain- 
der of the protein surface. 
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Table III 

Total solvent-accessible surface areas calculated for side chains in 
the hexamers of the Cs, Hs, and PfGluDHs, respectively 

The data shown focus on those side chains highlighted in the Lanyi 
(21) survey, which suggests a trend in the halophilic enzymes compared 
with counterparts fTX>m non-halophilic species. Two sets of calculations 
are included. In the first, the side chain is defined as all atoms of a given 
residue except backbone nitrogen, carbon, and o:^gen atoms. Second, 
the total surface-accessible surface areas calculated for the hydrophobic 
constituent atoms for the selected side chains only are also shown. For 
the latter calculations, all carbon atoms associated with the side chains 
of each residue type are included. 



Total hydrophobic 
Total solvent-accessible area solveot-accessible 
Side chain area 





Cs 


Hs 


Pf 


Cs 


Hs 


Pf 






i« 










Asp 


5900 


13,700 


6500 


1800 


3500 


1800 


Glu 


12,700 


16.600 


13,500 


4200 


4900 


4500 


Arg 


6600 


8100 


4700 


2500 


2400 


1700 


Lys 


10,000 


3800 


14,300 


5700 


2100 


8200 


His 


1300 


1000 


1300 


900 


600 


900 


Ser 


2300 


4500 


1400 


1500 


2100 


1100 


Thr 


2700 


4500 


3500 


2000 


3000 


2300 


Phe, He, Leu and Val 


7200 


5300 


7500 


7200 


5300 


7500 



residues in the halophilic enzyme is dominated by the increase 
in aspartate. In fact, 36 aspartate residues per subunit fall into 
this category in the Hs enTyme compared with 22 and 23 
aspartates in the mesophilic and hyperthermophilic counter- 
parts. An equally dramatic reduction of solvent-accessible ly- 
sines is also observed with only 1 1 lysines of this type in the Hs 
GluDH model compared with 27 and 32 in the structure of the 
Cs and iy enzymes, respectively. 

We have also analyzed the solvent-accessible areas of the 
side-chain components of those residues for which significant 
differences in composition have been noted. The solvent-acces- 
sible area for aspartate in the Hs enzyme is more than double 
that found in the mesophilic and hyi>erthermophilic counter- 
parts (Table III), reflecting the significant increase in compo- 
sition associated with this residue type. Similarly, the solvent- 
accessible area associated with serine and threonine side 
chains is also greater in the model of Hs GluDH. Thus, 29 of the 
31 threonines have some part of the residue solvent-accessible 
in the Hs GluDH model compared with 15 of the 17 and 18 of 
the 23 threonines of the Cs and Pf GluDH structures, respec- 
tively, implying that the increase in threonine residues is con- 
centrated at the protein surface of this enzyme. Likewise, con- 
sideration of the serine residues present in each of the three 
GluDHs shows there to be 20 of the 22, 17 of the 20 and 12 of 
the 14 accessible to the solvent in the Hs, Cs, and P/ enzymes, 
respectively. Analysis of the Hs GluDH model places many of 
these surface-accessible serine and threonine residues adjacent 
to exposed acidic groups. Inspection of the model of the Hs 
enzyme suggests that many of these residues occupy positions 
where they could potentially hydrogen bond to nearby carboxyl 
groups. 

Examination of the characteristics of the solvent-accessible 
area shows that there is a somewhat lower proportion of ex- 
posed hydrophobic groups in the model of the halophilic 
GluDH, with 43, 47, and 48% of the surface being hydrophobic 
in the Hs, Cs, and Pf enzymes, respectively (Table II). Analysis 
of the contribution for a number of different residue types to 
the hydrophobic-accessible surface area is presented in Table 
III. This shows that in the solvent-accessible hydrophobic sur- 
face area of the Hs model, a reduction of some 2000 is due to 
changes associated with the subset of strongly hydrophobic 
amino acid residues (Phe, He, Leu, and Val). Moreover, this 
reduction is offset by the increase in hydrophobic surface 
brought about by the additional aspartic acid residues. Of all 



the other changes, one stands out as being predominant. This 
involves a reduction of 3600 and 6100 A^ in the exposed 
hydrophobic surface of the halophilic enzyme compared with 
the Cs and /y enzymes, respectively, due to the reduction in the 
number of exposed lysine residues and the loss of the associ- 
ated exposed alkyl component of these side chains. Moreover, of 
the lysines in the Hs model, the average solvent-accessible 
hydrophobic surface per residue is somewhat lower than for the 
other two GluDHs (176, 210, and 260 A^ for the Hs, Cs, and Pf 
enz3Tnes, respectively). The explanation for this lies in the fact 
that those lysines that are retained in the Hs enzyme form the 
subset of such residues that are involved in the functional 
properties of GluDH and are in fact strongly buried in the 
structm-e (defined as a residue with less than 20% solvent- 
accessible surface). Thus, although there are 18 and 25 exposed 
lysines in the Cs and Pf enzymes, there are only 5 in the 
halophilic coxmterpart. In contrast, the number of strongly 
buried lysines is more constant across the three enzymes (8, 9, 
and 7 for the Hs, Cs, and GluDHs, respectively). 

To our knowledge the reduction in hydrophobic surface as- 
sociated with the depletion of lysine in halophilic enzyme has 
not been reported even for those comparisons between struc- 
tures of equivalent halophilic and mesophilic enzymes. There- 
fore to extend this analysis we have also compared the recently 
determined structure of the halophilic malate dehydrogenase 
(23) with the counterpart lactate dehydrogenase ftxim dogfish 
(Protein Data Bank deix>sitions IHLP and 6LDH, respective- 
ly). Comparison of the amino acid compositions of these two 
enzymes also shows a lower number of lysines in the halophile 
(29 and 8 lysine residues in the dogfish and halophilic enzymes, 
respectively). Furthermore, solvent-accessible siurface area cal- 
culations revealed a lower surface contribution of nonpolar 
components in the tetrameric halophilic malate dehydrogenase 
(42% compared with 50% in the mesophilic counterpart). Anal- 
ysis of the contributions to this surface from the subset of 
strongly hydrophobic residues showed a faU of 900 A^ in the 
halophilic enzyme, insufficient to account for the overall reduc- 
tion in hydrophobic solvent-accessible surface (5200 A^). How- 
ever, the lower lysine content again results in a loss of 5100 A^ 
in hydrophobic surface, which accounts for the difference be- 
tween the two enzymes. Furthermore, the reduction in lysine 
content reported for H. marismortui elongation factor EF-Tu 
compared with the counterpart from the mesophile Af. vannielii 
(22) is also consistent with our observations. 

d) Analysis of the Active Site — The active site of this enzyme 
family has been located following analysis of the binary com- 
plexes of Cs GluDH with NAD"^ and glutamate (8, 9)^ and of the 
/y enzyme with NAP"^. Analysis of the region around the glu- 
tamate binding pocket has shown that there are 20 amino acid 
residues that have at least 1 atom lying within 6 A of any atom 
of the glutamate substrate (Fig. 1). Of these 20 residues, 16 are 
completely conserved across all three enzymes. At three of the 
remaining four positions (110, 161, and 164) the residues of the 
hyperthermophilic and halophilic enzymes are identical, and 
the final difference involves a substitution at residue 114 to 
cysteine in Hs GluDH, again a substitution that can be found in 
other members of the GluDH family (11). Overall, therefore, it 
would appear that the halophilic enzjTne is remarkably similar 
to its mesophilic £uid hyperthermophilic counterparts in the 
region of the active site. Interestingly, we note that the assign- 
ment of the region of the enzyme surface that forms the active 
site in Hs GluDH would have been a potentially simple proce- 
dure even in the absence of direct structural information, 



" K. L. Britton, T. J. Stillman, K. S. P. Yip, and D. W. Rice, manu- 
script in preparation. 
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fenredoxin is indeed adapted to the intracellular high-salt 
environment. 

MATERIALS AND METHODS 
Chemicals 

Sepharose-4B, diethyl aminoethyl-ceilulose (DEAE-cellulose), acryl- 
amide, and 3-(yV-morpholino)propane-sulfonic acid (MOPS) were procured 
from Sigma (St. Louis, MO). Bacteriological peptone (L37) was from 
Oxoid (Hampshire, UK). All other chemicals were of analytical grade and 
were used as supplied. Double glass-distilled water was used for purifica- 
tion and for all experiments. 

Bacterial strain and growth medium 

The H, salinarum (strain Ml) cells were grown in a complex medium 
containing 250 g NaCl, 20 g MgS04-7H20, 2 g KCl, 3 g sodium citrate, 
and 1 0 g bacteriological i>eptone per liter. The inoculum was built up by at 
least three successive transfers in the fresh medium. The autoclaved me- 
dium was inoculated with 5% (v/v) of this inoculum and incubated in a 
rotaiy shaker at 37°C and 150 rpm. For frequent use the culture was 
maintained by transfer to fresh medium at 4-day intervals. When not 
required for prolonged periods it was maintained by subculturing, once 
every 20 days, on slants prepared by solidifying the above medium with 
1.8% (w/v) agar. 

Buffer solutions 



The followin g buffers were used durin g vario us stages of purificatipn:_ 
0.025 M MOPS + 4.5 M NaCl, pH 7.5 (buffer A); 4(»% (NH4)2S04 + 
0.025 M MOPS, pH 7.5 (buffer B); 60% (NH4)2S04 + 0.025 M MOPS, pH 
7.5 (buffer C); 30% (NH4)2S04 + 0.025 M MOPS, pH 7.5 (buffer D). 
Circular dichroism (CD), fluorescence, and optical absorption studies were 
performed in 1 0 mM sodium phosphate buffer (pH 7.3) supplemented with 
various concentrations of NaCl as noted for specific experiments. 



colunui, was elutcd with buffer D. The condensed dark brown band spread 
over the column at this stage and was elutcd over several fractions. The 
fractions with A^^o'-^zis >0.2 were pooled, and an equal volume of 
saturated, neutralized (NH4)2S04 was added and rechromatographed on a 
DEAE-cellulose column. This chromatographic step was repeated until a 
^420^275 ratio of 0.33 was finally obtained in buffer C. The protein was 
then loaded on a small DEAE-cellulose column, elutcd with buffer A and 
dialyzed against it to remove traces of CNH4)2S04. The protein thus 
obtained was checked by sodium dodecyl sulfate-polyaciylamidc gel elec- 
trophoresis (SDS-PAGE), and it was fotmd that the major protein was 
ferredoxin, along with a small amount of impurities. This protein was 
further purified on a Sephadex-G50 column (I cm X 60 cm) precquili- 
brated with buffer A. The pooled fractions, exhibiting an ^4420!^ 273 ^tio of 
0.35, were then concentrated by ultrafiltration (Amicon), using YMIO 
membrane. Ferredoxin prepared by this method was essentially homoge- 
neous by SDS-PAGE analysis. 



Optical measurements 

Absorbance spectra were recorded on Shimadzu and Spectronic-1201 
spectrophotometers, using cuvettes of 1 cm path length. 



CD spectra 

CD spectra were recorded on a Jasco-600 Sf>ectropolarimcter. CD data arc 
reported as mean residue ellipticities with a mean residue molar mass of 
1 10. The path lengths of the cuvettes were 1.0, 0.1, or 0.05 cm, depending 
on the protein concentration and wavelength region. For each spectrum 
5-10 scans were co-added, buffers along with the corresfKinding salt 
concentration were subtracted, and the spectra were smoothed using mild 
-smoothing function.- — — — — ~ — — — ~ — ~ — — — 



Purification of ferredoxin 

H. salinarum cells were grown to stationary growth phase (Af^ 1.5) in 
the complex medium. The cells were harvested by centrifugation at 2000 X 
g for 30 min and resuspended in 2 ml of buffer A/g of cells. The 
rcsuspendcd cells were sonicated in ice for 5 x 1 min. The sonicate was 
frozen and thawed once and then subjected again to sonication for a second 
round (5 X I min). TTie sonicate was then ccntrifugcd (Beckman L8— 60M) 
at 50,000 X for 2 h at 4*'C. The supernatant was collected and diluted 
with half the volume of buffer A. This was dialyzed overnight against 
buffer B to exchange the NaCl with 40% (NH4)2S04. The precipitate was 
removed by centrifugation (50,000 X g,2 h), and the new supernatant was 
dialyzed again against buffer C. The precipitate appearing at this stage was 
removed by centrifugation (75,000 X g, 1 h). The clear supernatant 
obtained was loaded onto a Sepharose-4B column (2 cm X 35 cm) 
pneequilibrated with buffer C. Under these conditions HsFd binds to the 
column. The column was washed with the same buffer until the /428o 
reached <0. 1 , then elution was carried out with a linear reverse gradient of 
(NH4)2S04 (60% to 0%) in 25 mM MOPS buffer pH 7.5 (1 ml/min), and 
absorbance of the eluent was monitored at 420 nm. The first peak fractions 
elming at ~26% (NH4)2S04 containing ferredoxin were pooled and were 
readjusted to 60% with neutralized saturated solution of (NH4)2S04. Some 
precipitate appearing at this stage was removed by filtration. The clear 
filtrate was loaded onto a DEAE-cellulose column (1 cm X 20 cm) 
prcequilibrated with buffer C and was washed with 5 bed volumes of the 
same buffer. Ferredoxin, which bound as a very dark band at the top of the 



Fluorescence measurements 

Fluorescence intensities and emission spectra were measured on a Spex 
spectrofluorimeter with a cuvette of 1 cm path length. All measurements 
were made with excitation and emission bandwidths of 3.77 nm and 7.54 
lun, respectively, using 3 single photomultiplier. The excitation wavelength 
was 295 nm. Emission spectra were recorded between 3 10 and 400 run. 
They were baseline corrected for the corresponding buffer. A measurement 
of the intensity at wavelengths 360 and 330 nm was made for the calcu- 
lation of the ratio of /jeo-'sjo- This ratio was used for the assessment of the 
overall protein structure (see text for details). 



Protein estimation 

Protein was estimated by the method of Lowry et al. (1951), as modified 
by Peterson (1983). Bovine serum albumin was used as the standard. For 
some experiments the A^2o value was also used. 



RESULTS 

Purification and characterization of ferredoxin 

H. salinarum ferredoxin was purified by a typical halophilic 
approach (Werber and Mevarech, 1978) as detailed in Ma- 
terials and Methods. Its purity was checked by SDS-PAGE, 
which showed a single band corresponding to ferredoxin. 
An ^420^275 i^tio of 0-35 is routinely obtained. The puri- 
fied protein yield was estimated by Lowry's modified 
method (Lowry et al., 1 95 1 ; Peterson, 1 983) as well as by its 
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since it is the only region on the protein surface not to be 
dominated by the almost uniform coverage by acidic residues 
(Fig, 3). This may prove to be a general feature of many halo- 
philic enzymes. 

Analysis of Ion Pair Networks 

The recently reported structure of the halophilic malate de- 
hydrogenase (23) highlighted the formation of clusters of ion 
pairs, a feature shared by, although more prominent in, the 
thermophilic malate dehydrogenase firom Thermus flavus. This 
feature is absent from the mesophilic dogfish lactate dehydro- 
genase and is thought to be related to the superior thermal 
properties of the T. flavus and the halophilic enzjTues. The 
recent structure determination of the GluDH from the hyper- 
thermophile Pf and its comparison with its coxmterpart from 
the mesophile Cs has also highlighted a potential role for ion 
pairs in tiie determinsints of the thermal stability of this en- 
zyme (10). Examination of the halophilic GluDH model sug- 
gests that the dramatic 18-residue ion pair cluster in the Pf 
enzyme, which is located across a region of the interface be- 
tween pairs of dimers, is only partially retained in the Hs 
model, creating two symmetry-related ion-pair networks com- 
prised of four residues (Fig. 4). These findings are consistent 
with the work on malate dehydrogenase (23) and may explain 
the apparently greater thermal stability of the halophilic 
GluDH compared with its mesophilic counterpart (25). 

Halophilic Addition 

The analysis of the structure of a halophilic 2Fe-2S ferre- 
doxin (24) introduced the concept of halophilic^ addition. Tliis 
descriiaes the additional contribution made to the solvent-ac- 
cessible surface of acidic residues arising from an insertion of 
an extra small domain of 33 residues that is rich in carboxy- 
lates (14 such residues in total), foimd near the N terminus of 
this protein. Compared with the mesophilic Cs enzyme, the 
halophilic GluDH is only six residues longer at the N terminus, 
with none of these being acidic. However, when compared with 
the hyperthermophilic enzyme, an N-terminal extension of 21 
residues, including 6 acidic residues, can be seen. Although the 
proportion of acidic residues in the N-terminal region of the Hs 
enzyme (29%) is higher than in the protein as a whole (18%), 
taken togetiier with the comparison with the mesophilic en- 
zjrme, the data from the analysis of GluDH are not strongly 
supportive of the presence of an additional carboxylate-rich 
domain. 

DISCUSSION 

TwO' distinctvproperties^are ,_commoi:U3r 
zymes fitjm halopWl^es. , ^e^^ is their, abihty to - 

catalyze reactions . under conditions of extremely high salt. For.- 
example, the GluDH from is still active in 4 m KCl, whereas^ 
that from the mesophile Cs is potently ^ inhibited at such high 
.concentrations.-? The second common property of these halo- 
philic enzymes is that many of those isolated to date are rapidly 
and irreversibly inactivated by exposure to solutions of low 
ionic strength. For example,';the Hs GluDH''is markedly unsta- 
ble below .1 M KCl unless, the salt is replaced by a compatible « 
.solute such as betaine (26). One immediate question that arises 
therefore is whether these two properties are related in molec- 
ular terms or whether they represent different aspects of the 
structure/function relationships. 

Three features emerge as potentially significant in the com- 
parison of the model of the halophilic enzjTne with its non- 
halophilic coimterparts. The first of these is that the surface of 
the model of the halophilic GluDH has shown that it is deco- 

® M. Kalinowski and P. C. Engel, unpublished results. 
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Fig. 4. A schematic representation of the residues involved in 
the most extensive ion pair cluster of the GluDH involving 18 
residues in total across part of the intei^ace region between 
subunits of the assembled hexamer. Each amino add is identified 
by its Pf residue number. The residues highli^ted by boxes represent 
those that appear to be maintained in the Hs GluDH from the sequence 
aligmnent. 'Hie Pf residues concerned and their Hs eqiiivalents are 
Glu-120 iE120) and Glu-141 {E141\ Arg-124 (ni24) and Arg-145 
(R145\ Asp-157 (DJS7) and Asp-178 {D178\ Arg-414 <Jt414) and Arg- 
430 (R430), respectively. 

rated with acidic residues, except in the immediate vicinity of 
the coenzyme and substrate binding sites. It has been previ- 
ously argued (23) that the excess surface negative charge is 
possibly responsible for the formation of a hydration shell that 
protects the enzyme from aggregation in its highly saline en- 
vironment. It is not clear to what extent this alone can account 
for the efficiency with which the halophilic enzymes handle 
their substrates in the presence of competing high salt. How- 
ever, it is reasonable to argue that at low ionic strength, the 
absence of a shielding cloud of counter ions would promote 
electrostatic repulsion between the closely spaced negative 
charges on the protein surface, thus destabilizing the protein. 
Secondly, the analysis of the halophilic GluDH has also high- 
lighted an increased number of surface threonine and serine 
residues. In the Hs model these appear to occupy positions 
where, were they also to be acidic, they would otherwise result 
in charge repulsion effects. This feature has been noted in the 
halophilic ferredoxin from H. marismortui, where serine resi- 
dues have been found on the enzyme surface sandwiched be- 
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tween two glutamate residues, where the presence of a third 
carboxylate would be unfavorable (24). Finally, the marked 
reduction in the number of surface lysine residues is a further 
dominant feature of the halophilic GluDH and, while helping to 
increase the overall negative charge on the protein, also serves 
to decrease the hydrophobic fraction of the solvent-accessible 
surface. To our knowledge, this is the first report of such an 
observation. Moreover our analysis of the structure of the halo- 
philic malate dehydrogenase compEired with a structure for a 
mesophilic counterpart strongly supports this finding, showing 
both a decrease in the number of lysine residues and the 
consequent marked reduction in the contribution of solvent- 
accessible hydrophobic surface. At present, the significance of 
this observation is unclear, but it may be that the presence of 
significant numbers of alkyl groups on the enzyme surface may 
well serve to disrupt the production of a well connected hydra- 
tion shell required in such saline environments, and therefore 
the long alkyl tails associated with lysines are particularly 
unfavorable. 

For the future, this comparative analysis provides a hjrpoth- 
esis on the molecular basis of salt tolerance that is clearly 
testable by site-directed mutagenesis. One challenge therefore 
will be to rationally engineer such properties into mesophilic 
enzymes to exploit them in an industrial context. To date, this 
has not been accomplished, and although the structural data 
on halophilic enzymes may now point the way forward, we 
should be cautious in assuming that we now understand the 
structural basis of this phenomena and can manipulate it at 
will. 
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abstract: FixL's are chimeric heme protein kinases from symbiotic nitrogen-fixing Rhixobia We have 
oveiexpressed three FixL vananu in Escherichia coU. Bradyrhizobium japorUcum FixL. a soluble dimeric 
Rti^fbiun^^^^^^^ purified. The other two piofeins are soluble truncationsTf 

!?H «f 1 r*^* r^'? ^ membrane protem. One contains both heme and kinase domains and 

IS dimeric, the other has only the heme domam and is monomeric. We find that all the FixL's bind oxvaen 
and carbon monoxide non-cooperatively. with.very low amnities due entirely to slow association rates FUL 
Pso s for oxygen are 17-76 mmHg. FixL's may sense nitric oxide and carbon monoxide in addition to 
oxygen, especially at the low oxygen pressures encountered in vivo. Autoxidation rates are about 30 times 
faster than that of sperm whale myoglobin. The carbon monoxide affinity of FixL*s is about 300 times 
^ww than that of my^^^^ resulting in the unusually low values of 7.5-17 for the partition constant, 
M - Pio{02)/Pso(COh between carbon monoxide and oxygen. Met-FixL*s have their Soret absorption 
maximum at 395 nm mslead of the typical 408 nm and a steep hydroxymet transition at pH & 9 3- these 
properties mdtcatc a pentacoordinated high-spin ferric heme and suggest a stcrically hindered hydrophobic 
L'mLS^«5™? first member of a new class of heme. prot^^^^^ 

heme-bascd sensors, distinct from the oxygen earners and electron transponcrs. Wc expect 5iat some of 
the novel properties of FixL will be characteristic of the class. *^ 



Rhizobium meiitoti FixL is a signal-transducing membrane 
protein that shuts down nitrogen fixation in response to oxygen 
(David et al., 1988). It is homologous to a diverse family of 
environmental sensors, ubiquitous in prokaryotes and recently 
also found in eukaryotes (Nixon et al., 1986; David ct al., 
1988; Chang et al., 1993). These proteins are modular; they 
consist of a nonconserved, usually N- terminal sensor domain 
that detects a specific environmental signal and a homologous 
transmitter domain with the kinase activity [reviewed by Stock 
eial. ( 1 989) and Parkinson and Kofoid ( 1 992)1 • A genetically 
engineered soluble FixL, called FixL*, proved to be a kinase 
and heme protein with the charaaeristic oxy and deoxy spectra 
of Hb' (Gillcs-Gonzalez et al., 1991). On the basis of 
homology, the transmitter domain is in the C-terminat two- 



tM.F.P. was supported by National Institutes of Health Gram 
HL31461 and the Medical Research Couaeil. M.O.-O. waa aupparted 
hy tbe 1991 Forum Bogelberg PrJso to M.P.P. CP., L.K., and M.M 
were supported by funds fnan INSERM. la Direction dei Rechefches! 
Etudet et Techniques, the Faculty de M6deeine Paria-Sud. and the Air 
Liquide Co. 

•Corresponding Author. Tel. (0223)402289. Fax; (0223)213556. 

* Abstract published in Advance ACS Abstracts. June 1. 1994. 

> Abbrevifltiona: BjraUBradyrhizobiumJaponicumFixUKmFnLr, 
Rhtxobfum melttoti PlsL truncation with heme and kinase domaini: 
RmFuLH, M«o6/umm«///ar/FlAL truncation containing only the heme 
donuln; Mb. myoglobin; Hb. hemoglobin; HbA, human adult hemoglobin: 
R. relaxed; P(Oa). partial preasure of oxygen; partial pressure of a 
gaseous ligand at which the hemea are 50% saturated. The alphanumeric 
code (e.g., B7) refers to the posiUons of amino acid< io helices and turna 
of myoglobin and hemoglobin (Perutz, 1970). Tlie noutioo for myoglobin 
mutanta iiai foUows: a oae-lottercodefor theortginal aminoadd followed 
by the alphanumeric code for the mutated position in percntbeaes, foUowed 
by a one-letter code for the replacing amino acid; e,g., H(E7)— V refer* 
10 the E7 potition mutated from hlitldine to valine. 



thirds of FixL*; thcN-terminal one-third is the sensor (Figure 
I). FixL* kinase activity under nitrogen is about 7 times 
faster than in air (Gilles-Gonzalezetal., 1993). Deoxy-FixL*. 
the active form, transfers a phospboryl group to the tran- 
scriptional activator FixJ, which enhances FixJ*s activity and 
induces the expression of critical nitrogen fixation genes 
(Gillea-Gonzalez ct al.. 1991; Gilles-Gonialez & Gonzalez 
1993; Agron et al., 1993). 

We examined three FixL's that we overexpressed in 
Escherichia coU and purified (Figure 1). Two are new 
truncations of R. metiloti FixL; the other is the first FixL to 
be isolated from a different species and the first full-length 
FixL to be purified. All three are heme proteins. They are 
(1) RmFixLT, a more precise truncation of/?, meiiloii FixL 
that differs from FixL* only in the first 10 amino acids; (2) 
RmFixLH, a truncation containing only the sensor domain 
of R. meliloti FUL; and (3) BjFixL, a FixL from Bradyrhiio- 
bium Japonicum that is soluble in its native form. 

FixL's have no homology to known heme proteins (Vino 
gradov et al., 1993). and the structure of the heme binding 
pocket of FixL is still unknown. On the other hand, much is 
known about the relationship between fitructure, function, and 
spectral properties of a great variety of natural and genetically 
engineered Hb*s (Perutz. 1989). We have tried to infer the 
nature of the heme environment of FixL*8 and to clarify the 
biological function of FUL'a by comparing their ligand binding 
and absorption spectra to those of Hb's of known structure. 
FixL's bind oxygen non-cooperaiively, and they differ dra- 
matically from typical globins in their association rates with 
oxygen and carbon monoxide. Susceptibility to autoxidation, 
and affinity of their ferric form for water. 
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Figure l : Schematic representations of FikL'b. B, JapotUeum FUL 
(BjFixL), meliloti FixL heme domain (RmFixLH), R. mMtUoti 
truncated FlxL conuiaing heme and kinase domalni (RmFlxLT), 
and R. meliloU FixL* (RmFixL*). a previously studied truncation 
(Gillea-Gonxalez et al., 1991; Gilles-Gonzalez A Gonzalez, 1993), 
are shown. Monomer molecular masacs, calculated from the amino 
acid sequence, are given. Terminal amino acid sequences are at the 
XQp of each diagram (I^vid et al., 1988; Anthamattan St Hennecke, 

1991) ; residues shown in lowercase type were introduced during 
cloning. The hatched kinase regions are highly homologous in sensors 
belonging to the two-component regulatory systems (Nixon et al., 
1986). FixL*a also share extensive homokify in the stippled heme 
regions. 

MATERIALS AND METHODS 

Cloning. DNA manipulationfl were done according to 
manufacturers' reconunendations and the methods compiled 
in S&mbrook et al. (1 989). The B. japonicum fixL gene was 
kindly provided by H. Hennecke on plasmid pRJ7349 
(Anthamatten & Hennecke, 1991). ThtBJaponicumflxL 
gene was prepared from this plasmid in a pblymefale chain 
reaction as a 1.5-kb fragment with an Ndel site at its 3' end, 
overlapping the start codon, and a HindUl site at its V end. 
Polymerase chain reactions were also used to prepare a 1.16- 
kb DNA fragment encoding RmFlxLT and a 0.44-kb fragment 
encoding RmFixLH from plasmid pMW2 (Weinstein et al., 

1 992) . Primers introduced an ATG start codon that overlaps 
with an Ndel site and added a HindlJl site at the 3' end, For 
RmFixLH. stop codons wore added to the end of the coding 
sequence in all three frames. 

Each of the three Ndel-Hindlll fragmenU described above 
was cloned into expression vector pNKT (N. Komiyama and 
J. Avis, unpublished daU). This pUCS-derived vector carries 
amplclllin resistance (Messing, 1983); the polylinker region 
is preceded by a tac promoter and two tandem ribosome binding 
sites. The plasmids containing the genes encoding BjFixL, 
RmFixLT, and RmFixLH are named pBL31, pRTSl, and 
pRH61, respectively. Clones without polymerization error 
were assembled after verification of the ftxL sequences by 
direct double-stranded plasmid sequencing (Sangeretal., 1 977; 
Smith et al., 1979). Each protein was produced from E, coU 
strain TGl (Qibson, 1984) tranaformed with the appropriate 
vector. 

Expression and Purification. BJFixL and RmFixLT were 
expressed from TG 1 (pBL3 1 ) and TG 1 (pRT5 1 ), respectively, 
after induction with IPTO. The proteins were purified as 
described for R. melihti FixL* (GiUes-Gonzalezet al, 1991). 

RmFixLH was purified as follows. Induction with IPTO 
and preparation of cleared lysate of TGl(pRH61) were as 
described for A. m«///of / FixL* (Oilles-Gonzalezetal., 1991). 
RmFixLH from a 25-50% saturated anunonlum sulfate cut 
of the cleared lysate was further purified on a Sephacryl S- 100 
gel filtration column equilibrated in 5 mM Tris-HCI, pH 6.0, 
and 10 mM /^mercaptoethanol. 

All column matrices were from Pharmacia. Throughout 
the purifications, FixL was kept at <4 and was assayed 
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on the basis of 410-nm absorbance. Protein was assayed by 
the method of Bradford (Bio-Rad dye reagent concentrate), 
using bovine senmi albumin as the standard. Gel filtration 
ooluOEms were calibrated with mixtures of molecular weight 
markers prior to the runs. A mixture of aldolase (158 kDa), 
albumin (67 kDa), and ovalbumin (43 kDa) was used for 
Sephacryl S-200 calibration. The Sephacryl S-100 column 
was calibrated with a mixture of albumin (67 kDa), ovalbumin 
(43 kDa), a-chymotrypsinogen (25 kDa), and ribonuclease 
(13.7 kDa). 

Speetrophotometrie Studies. Spectra (300-700 nm) of 
samples at 25 in 20 mM phosphate buffer at pH 7, were 
recorded with an SLM Aminco DW2000 apparatus. Due to 
the fast autoxidation of FixL's, their met spectra could be 
obtained by keeping them for a few hours in air at 25 "C. The 
samples, in stoppered quartz cuvettes, were then deoxygenated 
with a stream of Ni; deoxy spectra were recorded alter 
reduction with a 2-fold molar excess of sodium dithionite. To 
obtain oxy-FixL while avoiding autoxidation, one atmosphere 
of O2 was layered over the deoxy sample at 5 "C; the solutions 
were equilibrated by shaking just before the spectra were 
recorded. CO spectra were obtained from samples equilibrated 
with 1 atm of CO. Heme content was measured from the 
protoheme pyridine hemochromogen (Appleby, 1978). 

Autoxidation. The rate of autoxidation was measured at 
37 *C on 10-20 nM protein in 75 mM potassium phosphate, 
pH 7.0, and 0.2 mM EDTA. Ferric FixL was reduced with 
crystalline sodium dithionite. Oxy-FixL, free of dithionite, 
was recovered from a small Sephadex G-25 (Pharmacia) 
column, equilibrated with air-saturated_ 75- mM- sodium 
phosphate, pH 7.0, and 0.2 mM EDTA. Alternatively, an 
anaerobic solution of met-FixL was reduced with a 2-fold 
molar excess of dithionite, and oxyFixL was produced by 
equilibration of the ice-cooled sample with 1 atm of air or O}. 
The oxy-FixL was warmed rapidly to 37 'C, and rates were 
measured by monitoring absorbance from 350 to 700 nin at 
intervals of 5-10 min. Both methods of preparation of oxy- 
FixL gave similar results. All time courses showed clear 
iaosbestic points. Rates were calculated from the absorbance 
change at 577 nm. 

pH Titrations. For each FixL, seven identical aliquots were 
adjusted to a desired pH and the same final concentration. 
Titrations were done on 10-20 mM protein in 0.1 M buffer 
containing 0.2 mM EDTA. Buffers were sodium phosphate 
for pH 6.5-8.0, glycine NaOH or sodium carbonate/ 
bicarbonate for pH 9.2-10.7, and CAPS at pH 11. L Visible 
spectra from 350 to 700 nm were recorded. Absorbance at 
605 nm was a measure of transition to the hydroxyl met form. 

O2 Binding at Equilibrium. Binding curves were measured 
by a continuous method, with a Hemox- Analyzer (TCS 
Huntington Valley, Southampton, PA), as detailed elsewhere 
(Kister et al, 1986). Samples were at 25 ^'C in SO mM Tris- 
HCl, pH 7.5, and 0.1 M NaCl containing 20 m8 of catelase 
and 50 mM EDTA. Met-FixL was reduced with sodium 
dithionite and stripped of the reductant through a small G-2S 
column equilibrated with aerated buffer in the cold. The 
and the index of cooperativity, n, were calculated from linear 
regression analysis of points between 80 and 20% O2 saturation. 
For comparison, we measured the O2 affinity of freshly 
prepared isolated a chains of human Hb in similar conditions 
but without the addition of dithionite. 

CO Binding at Equilibrium, Deoxy-BjFixL was prepared 
by equilibrating met-BjFixL (3 mL of 20 mM in 13.3 mM 
phosphate buffer, pH 7) with 1 atm of N2 at 37 *C in a 
stoppered tonometer and reducing the protein with sodium 
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dithionite. The deoxy Bpecirum was recorded. The sample 
was then equilibrated for 15 mln at room temperature under 
a stream of 0.010 aim of CO, resulting in a F(CO) of 7.1 
mmHg in the tonometer. The spectrum of partially CO- 
saturated FixL was recorded. The spectrum of 100% CO- 
saturated FixL was obtained after equilibration with 1 atm 
of CO at 25 ^C. The PsoiCO) was estimated from these three 
spectra. 

Ligand Association. The rates of association (Acoo) of the 
FixL proteins with CO and Oj were obtained after ilash 
photolysis with a lO-ns 160'mJ pulse at 532 nm (Quantel 
YAG laser, France). The heme proteins (10 /iM, in 20 mM 
phosphate buffer. pH 7» at 25 ^C in 4.mm cuvettes) were 
reduced with sodium dithionite and exposed to 1 atm of Qi 
or CO before the flash photodissociatton. Absorbance at 436 
nm was monitored; a low-intensity monochromatic light source 
was used to avoid photolysis of these samples, which have 
unusually slow ligand on-rates. 

Ligand Dissociation. The CO dissociation rates \k^CO)\ 
for BjFixL and RmFixLH at 25 ^C were measured with a 
stopped'flow apparatus (Biologic* France) by mixing the 
sample, equilibrated with O.l atm (100 yM) of CO. with 2 
mM poussium ferricyanide. resulting in fmal concentrations 
of 10 >iM free CO and 1 .8 mM ferricyanide. Detection was 
at 425 nm. Control experiments with the deoxy protein and 
0.2 mM ferricyanide showed that oxidation is fast (<1 s) 
compared to CO dissociation kinetics. 

Accurate and reproducible measurements of O2 disso«iation 
rate I*on<Oi)] at 25 •C were not possible by O2/C6 
replacement with the stopped-flow apparatus, due to incom- 
plete oxygenation of the FixL's, even at 1 atm O^* and their 
rapid autoxidation. The Jt^orKOz) value given in parentheses 
for RmFixLT was calculated from P^o and ko^{Ot) values at 
25 'C. 

The JtTorKOi) for BJFixL at 25 ''C was measured according 
to a method described by Astatke et al. (1992) and modified 
by Kiger et al. (1993). This method allows O2 binding 
measuremenu for low oxygen affmity or easily oxidized non- 
allosteric hemoproteins. The principle of this technique is to 
photodissociate a protein sample previously equilibrated with 
a mixture of O2 and CO. After photodissociation of the CO, 
O2 may rebind to the exposed heme; next O2 is replaced by 
CO. If the gas mixture contains nonsaturating O2, the Pm 
can be estimated. Oxidation is not a problem, as the heme 
is exposed to O2 for less than 1 s. For all these studies, detection 
was at 436 nm. 

RESULTS 

Expression and PuHjlcaiion. RmFixLT and BJ FixL eluted 
from DEAE-Sephacel around 200 mM Naa. at pH 7.8. This 
is similar to the elution behavior QtR. meiiloii FixL* (Gilles- 
Gonzalez et al., 1991). The gel filtration molecular mass 
estimates of RmFixLT and BjFlxL are 91 and 130 kDa, 
respectively, indicating that they are dimeric. By contrast, 
we found that RmFixLH is monomeric, with an estimated 
molecular mass of 2 1 kDa. Recoveries of >95% pure protein 
per liter of bacterial culture are 10-12 mg for BjFixL. 6-8 
mg for RmFixLT^ and 3-4 mg for RmFixLH. Isoelectric 
focusing verified the purity of our preparations (Figure 2). 
On the basis of protein and pyridine hemochromogen assays, 
FixL*s contain one Iron protoporphyrin IX per protein 
monomer (Falk, 1964; Appleby, 1978). 
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FiauRB 2: Isoelectric focusing of HbA (a. e), RmFixLH (b), 
RmFixLT (c), and ajFixL (d) . The samples were focused in a gradient 
of pH 6-9 using an LKB ByBtem. 




375 400 425 450 475 500 S50 600 650 



wevtknfllh (nm) 

FiouRE 3; Absorption spectra of FixL proteins at pH 7.0. Panel A 
shows a comparison of the Soret bands of metHbA and oxyHbA 
(solid lines) to those of met-FixL (thin broken line) end oxy>FlxL 
(thick broken line). Panel B shows the met (thin broken line)* oxy 
(thick broken line), CO (thick solid line)« and deoxy (thin solid line) 
spectra of RmFixLT. The absorption spectra of the ft meiitcti and 
B.japonicum FixL*s are nearly identical, except near 280 mn. Details 
of sample preperBtion are given In MateriaU and Methods. 

Spectrai Properties, Figure 3 shows the absorption spectra 
of the FixL's. which are nearly identical at 350-700 nm. Pure 
ferric BjFixL, RmFixLT, and RmFixLH have absorbance 
ratios of A2»otaal Ai^im " 0.69, 0.34, and 0.24, respectively 
(not shown). The oxy. deoxy, and carbonmonoxy spectra of 
FixL are similar to those of Hb, but the met spectra are 
markedly different (Figure 3) (Van Assendelft, 1970; Pcrulz 
et al., 1 974). Hb. which exists below pH 8 predominantly as 
the aquomet form with water at the sixth coordination position, 
has an intense Soret band at 405 nm with an extinction 
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Figure 4: pH titration of met-FbiL's. Panel A ibowi the pH titrations 
of the met fonw of BjFUL (O), RmFixLT (•), end RmFULH (O). 
The dotted line is the titration curve of iperm whale Mb: the tollo 
line repretenta an average titration curve of the FixL*8. Absorbance 
at 60S nm was a measure of the hydroxvmet form. Panel B shows 
the absorpUon spectra of RnnFlxLT at pH 8.0 and 10.7. Details are 
In Materfals and Methods. 

coefricent of 161 niM'i cm'* heme, much higher than that of 
oxyHbA(I3l mM"* (Figure 3A). In contrast, the Soret 
band of met-FixL is blue-ahifted to 395 nm with an extinction 
of 1 26 mM-i cm->, lower than that of oxy-FixL; this indicates 
that met-FixL is pentacoordinated below pH 8 (Shikama & 
Matsuoka, 1989; QuUlin ct al., 1993). With increasing pH, 
the high-spin peak of Hb at 630 nm gradually disappears as 
the hcme-linked water is titrated to a hydroxyl group. FixL*8 
also undergo a transition from the high-spin "acid" spectrum 
to the low-spin alkaline spectrum, with pJC/s of 9.3 for 
RmFixLH and RmFixLT and 1 0 for BjFlxL, but this transition 
is from a five-coordinated to a six-coordinated ferric iron 
(Figure 4). Hydroxide binds to the heme cooperatively, with 
Hill parameter n - 1.5. 

Autoxidation, Clear isosbestlc poinu occur at 409, 461, 
535, and 600 nm for the decay of the oxy^FixL's to their 
corresponding met-FixL'A. The half-lives of the oxy derivatives 
of Bj FixL, RmFixLT, and RmFlxLH are 1 5, 20, and 1 8 min. 
respectively, in air at pH 7, 37 (Table 1). This represenU 
an autoxidation rate about 50 times faster than that of native 
sperm whale Mb or its mutant which has the distal bistldine 
replaced by glutamine tH(E7)-K3] but 3-30 times slower 
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Table 1: Autoxidation of FUL Protein* In Air at pH 7. 37 






half-Ufe 


mei Soret 


oxy Soret 


protein 


*«(h-') 


(min) 


Xmu (nm) 


(nm) 


BjFixL 


2.7 


13 


395 


419 


RmFixLT 


1.9 


22 


395 


418 


RmRxLP' 


11 


20 


395 


41B 


RmFliLH 


2.3 


18 


395 


418 


Aplygia Mb* 






395 


418 


sw My 


0.06 


720 


409 


418 


SW Mb H(E7)-*U 


10 


4 


393 





' One atnNsphereof O} initead of air. * Shikama and Matsuoka ( 1 989), 
'Sperm whale myoglobin (QuUlin et al., 1993). 



than those of other Mb mutants lacking a distal histidine 
(Quillin et al, 1993). Springer et al. (1989) have reported 
even faster autoxidation rates, about 50 times those of the 
FixL's, for the sperm whale Mb mutanU H(E7)-»Y and 
H(E7)-D. 

Oxygen and Carbon Monoxide Binding. "FixL's bind oxygen 
non-cooj)eratively-(Hlll-parameter w = 1.0) and have lower., 
oxygen affinities than most natural MVs or relaxed Hb (Table^^ 

.2)r„Their />$o*s are 40-150 times the 0.3-0.5 mmHg typleal 
of Mb, HbA (R). or its free a and 0 subuniu. ^This unusuaUy 

-^lowxxygen'afTmity is'duc'to slow'oxygen assodation.rates;^ 
the dissociation rates are comparable to those of globlns (table 
BjFixL has a P50 of 76 mmHg, a value much higher than 
for the R. meiihti FixL's. The presence of a kinase domain 
in RmFixLT increases Py^ lo 11 mmHg from the 17 mmHg 
of RmFixLHi The rates of association of FlxL with carbon 

monoxide are even more unusua I: "Bj Fix b h as a rate 1 00 times - 

slower than that of Mb and over 1000 times slower than that 
of HbA (R) (Table 2). The carbon monoxide dissociation 
rates are similar to those of Hb. 

DISCUSSION 

Typical metMb has water bound at the sixth coordination 
position of the ferric heme iron at low pH. Quillin et al. 
(1993) have compared the visible spectra and three- 
dimensional structures of a variety of Mb mutants. They 
found that hexacoordinated ferric heme iron has its Soret 
absorption maximum at 407-410 nm, while pentacoordinated 
metMb has it blue-shifted to 390-396 nm. Distal histidine, 
glutamine, or other hydrogen-bonding residues stabilize the 
heme-linked water. Hydrophobic distal residues, like phen* 
ylalanine, valine, or leucine, prevent binding of water to the 
sixth coordination site and result in a pentacoordinated ferric 
iron. A distal threonine results in partial occupancy of water 
end an Intermediate spectral behavior. Below pH 9, the Soret 
absorptions of the met-FixL*B are characteristic of a high- 
spin pentacoordinated heme iron (Figure 3 A; Table 1 ). While 
in Mb or HbA the transition at high pH is from a water at 
the sixth coordination position to a hydroxyl, the FixL 
transition is a more abrupt one from a pentacoordinated to 
a hexacoordinated heme iron (Figure 4). The cooperativity 
of hydroxide binding, even in the monomeric RjnFixLH, 
suggests that the affinity of the heme toward hydroxide is 
linked to deprotonation or hydroxide binding at another site 
in the monomer. The transition pH*s of 9.3-10 for FixL's 
and "-8.5 for human HbA correspond to a free energy of 
hydroxymet formation that is 1 .3-2.2 kcal mol~* more positive 
in FUL*a. 

Despite the difTiculties we encountered due to the high 
autoxidation rates of the FixL*s. the oxygen afTinities derived 
from our equilibrium measurements agree with those calcu' 
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Tabic 2: Ligand Binding Parflmctors of FULProioiM ai 25 "C» 



Itgand 



protein 



CO 



BjFUL 

'RmFiiCH 

Apfysia Mb' 

SW.Mb^ 
.SW,Mb H (E7)-«'L--» 

human HbA (R) 

BjHxL 
RmFixLT 
RmFIxLH 
Apiyjia My 

swMy 

SW Mb H(E7)-L* 
buroanHbA (R) 



76 
27 
17 

2.6S 

0.48 
23 

0.3 

4J 

2.2 

0,02 

0.028 

0.0007 

0.001 




14.5 
21.7 
21.7 

1300 

1400 

9800 

4000 

0.5 
1.2 
1.7 
50 
31 
2600 
600 



20 

(UK 

6.8 
70 
12 
4100 
50 

0.045 

0.083 

0.02 

0.019 

0.024 

0.013 



17 

7.5 
100 
23 
48 000 
300 



' DetflltB in MeterlAlf &nd Methods. * Valuei calcnlaied from PsoiOiyPsdCO). ' Tbh value ii cakulated from Jt acd ' Wittenberg et ol. (1965, 
1972). fSpcmi whale^ myoglobin (Springer et ai.. 1989: Quillin et al.. 1993). 



Table 3: FixL Oxygenated at Variona Oiygen PfcMurw 



environment 



^Oa) %oxy- %oxy- %oxy- 
(toinHg) BjFixL RmFlxLT RmFixLH 



air 

microBeroblc culture 
nodule 



152 67 
20 21 
0.010 0.013 



85 
43 

0.037 



90 
54 

0.059 



laied.from our^rate.con8tenU.:^tTh.e:^;~^>^^^ 
afAmtjin^f I^xl^ are lower than thMe^fSinost all natural^ 
o;tygenxamenr^v^^^^^^ 15% of the 

deoxy form, which ia sufficient to account for the residual 
"Idnaieartiwtyv^hTdobser^ 
FixL-dependent induction of nitrogen fixation genes in free- 
living wild-type Rhizobia occurs even at partial pressures of 
oxygen as high as 20 mmHg (DitU et al.. 1987). Such 
induction is consistent with the high P50 of RmPixLT (Table 
3) end suggests that this truncated FixL, vitro, is a good 
model for membrane-bound wild-type FlxL in R, meliloti. 
RmFixLT would be 99.96% deoxygenated and therefore have 
maximal kinase activity in nitrogen-flxing nodules, where the 
partial pressure of oxygen is about 10 /4mHg (Table 3) 
(Appleby. 1 969; Wittenberg et al., 1972). The oxygen affinity 
of RmFixLH is 60% greater than that of RmFixLT, perhaps 
because RmFixLH consists solely of a monomerlc heme 
domain, white RmFixLT is a dimer containing heme and kinase 
domains in each subunit and is therefore probably more rigid 
(Table 2; Figure 1). 

The kinase and heme domains of B. Japonieum and R, 
meliloti FlxL*8 are highly homologous, but not their N- 
terminal domains (Figure 1) (Antbamatten & Hennecke, 
1991). The N-terminal domain otR. meliloti FixL contains 
several transmembrane segments, while the Bj'FixL N-terminal 
domain has none (Lois et al., 1993). fiJFixL is essential for 
nitrogen Hxation in B. Japonieum, but its regulatory target is 
unknown; unlike R. meliloti FixL. it does not regulate 
nitrogenase production (Anthamatten & Hennecke, 1991). 
The coordinated expression of more than 20 gene producu is 
required for nitrogen fixation. FixL*B would begin to function 
as kinases at relatively high oxygen pressure, possibly inducing 
genes involved in the transition to and from the nearly 
anaerobic nodule environment (Table 2) . Tht/ixNOPQ gene 
cluster, which encodes the alternative oxidase complex of B. 
japo/t/rum required to support bacterial respiration in nodules, 
it an excellent candidate (Preisig et al., 1 993). FixL proteins 
nay sense other heme ligands in addition to oxygen. In the 
nearly anaerobic environment of nodules, oxygen binding 
would not interfere with the detection of other ferrous heme 



ligands such as nitric oxide or carbon monoxide, even at very 
low concentrations. 

The low oxygen affinity of FixL*s is due entirely to a very 
slow association rate (Table 2). On the other hand, Mb 
mutants that lack heroe-linked water in their met forms, due 
to replacement of the distal histidine by either leucine, valine, 
or phenylalanine, have off-rates for oxygen accelerated 300-. 
460- and 700-fold, respectively. Surprisingly, the on-rates 
are also accelerated, although this is only by 6, 7, and 5 times, 
respectively. The replacements all Increased the affinity for 
carbon monoxide, due to rises in on-rates outweighing smaller 
—rises in off-rates^Their on-rates are raised probably because- 
a water molecule, hydrogen-bonded to the distal histidine (but 
not bound to the ferrous iron) in native deoxyMb, presents a 
kinetic barrier to oxygen binding; this water molecule is absent 
when the distal histidine has been replaced by a hydrophobic 
residue. All these replacements in Mb raised the value of Af 
between 400- and 1000-fold (Quillin et al., 1993), whereas 
FixL has a very low Af. In Aplysia Hmacina Mb, the distal 
histidine is replaced by a valine, so that its ferric form also 
lacks a heme-linked water molecule; but unlike FixL, it has 
a rather high oxygen affinity due to a high on-rate and a slow 
off-rate (Table 2) (Contietal.» 1993; Wittenberg ctal., 1965» 
1972), The former is due to ready access to its open heme 
pocket, and the latter, to the ability of its arginine ElO to 
swing into the heme pocket and donate hydrogen bonds to 
electronegative heme ligands. 

There is no model that explains the low affinities for both 
oxygen and carbon monoxide, caused almost entirely by slow 
on-rates. In their extensive experiments on the effects of 
proximal and disul hindrance in the synthetic picket fence 
heme complex, Collman, Gibson, and their colleagues (1983) 
found that steric hindrance on either side of the heme increased 
the off-rates for oxygen but left the on-rates almost unchanged. 
Proximal steric hindrance slowed the on-rates for carbon 
monoxide and accelerated the off-races about equally. DisUl 
hindrance slowed the on-rate for carbon monoxide and left 
the off-rate uncha nged. This did lower Af , but even the lowest 
value is still 100 times higher than that of FixL (Collman et 
al., 1983). 

Autoxidation of Hb is often attributed to dissociation of 
superoxide ion (Or) from oxyHb. Interesting new light on 
the mechanism that prevails in the absence of a distal hydrogen 
bond donor to the bound oxygen has emerged from a study 
of the autoxidation of the iron cyclidenes pictured in Figure 
5A. Dickerson et al. synthesized a series of such bridged 
cyclidenes in which R I is an aliphatic chain varying in length 



8072' Biochemistry, Vol. 3S, No. 26, 1994 



Gilles-Oonzalez et al. 




logkox 



Figure 5: Relationship of FUL autoxidatlon to tyntfaetic iron(n) 
cycUdene models and myoglobin vaiiantt. Panel A shows the structure 
of the bridged cyclidene 1R> - (CHi)i] that most closely resembles 
FixL in its autoxidation (Dickerson et al.» 1993). Pane! B is a 
comparison of the autoxidaiion rates (h*>) and oxygen equilibrium 
disBodation constants OiM) for FixUs and for myoglobins from sperm 
whale and pig: FixLI (D)» wUd-typo Mb (O). histidine {E7) Mb 
mutants (•). other mutations of highly conserved Mb residues (A). 
This plot is based on Figure 7 of Brantley et al. (1993) snd Mb dau 
from Tables II-V of the same article. BjFwU RmFlxLT, and 
RmFi;iLH are shortened to BjL. RmT, and RmH, respectively. 

from (CH2)3 to (CH2)3 and above (Dickerson el al., 1993). 
(CH2)3 docs not bind cither O2 or CO; (CH2)4 combines with 
the two gases with low affinity. Thereafter, the affinity rises 
with increasing length of the aliphatic chain. The oxidation 
ratcof (CH2)3 is fast and follows simple nrst-order dependence 
on /*(02)i while according to the superoxide dissociation 
mechanism it should not autoxidize at all. The authors argue 
that such flrst-order dependence is consistent only with an 
"outer shell mechanism", i.e., electrons being transferred from 
iron to oxygen colliding with the outer shell of the complex. 
The autoxidatlon rate of (CH2)4 reaches saturation at /tOj) 
> 60 mmHg, when oxygen combining with and protecting the 
ferrous iron competes successfully with electron transfer to 
oxygen. {CHi)^ shows a steep rise in autoxidatlon rate up to 
P{Ot) ~ 10 mmHg and then a steep fall, with the rate 
approaching zero near P{Oii - 1 00 nunHg where protection 
by the bound oxygen dominates. 

The mechanism of Dickerson et al. predicts that autoxidation 
rate will be inversely related to oxygen affinity, since the deoxy 
form is the reactive species. It further predicts that heme 
pockets in which absence of hydrogen bonding disfavors 
occupancy by water will show the autoxidation dependence 
on P{Oi) of the type described above for (CH2)4-bridged 
cyclidenes. The approximately linear relationship between 
the log of the autoxidation rate and the log of the oxygen 
dissociation constant of Mb mutants, observed by Brantley et 
al. (1993). supports the Dickerson model. FixL fits very well 



on this plot (Figure 5B). When the distal histidine in 
myoglobin is replaced by a valine, its autoxidation rate varies 
with the partial pressure of oxygen in much the same way as 
that of the (CH2)4-bridged cyclidene (Brantley et al., 1993; 
Quillin et al., 1993). RmFixLT, which rcacmbles the 
H(E7)-^V muunt, in the absence of a water molecule linked 
to its ferric iron, has the same elevated autoxidation rate in 
air as at 1 atm of oxygen, again fltting this model (Table 1). 
The rates of autoxidation of FixL's and the bridged cyclidene 
that does not bind oxygen are comparable: 1 .9-2.7 verstis 0.9 
h-». 

There is little evolutionary pressure to evolve resistance to 
oxidation in the extremely reducing, nearly anaerobic envi- 
ronment of a nitrogen-fixing nodule. Despite the high 
autoxidation rates of FixL*s (Table 1), even mildly reducing 
conditions protect their heme irons from oxidation. In 10 
mM 0-mercaptoethanol, in air, ferric R. meltloti FixL is 
reduced to oxy-FixL and does not autoxidize even after two 
days at room temperature. There is therefore no need for 
reductases of the kind present in red cells and muscle tissue. 

What can we infer about the heme environment? The 
absorption spectra of deoxy-, oxy-, carbonmonoxy-, and met- 
FixL leave no doubt that the proximal heme ligand is a 
histidine, since heme proteins with cysteine, methionine, or 
tyrosine as proximal ligands show very different absorption 
spectra. The very low oxygen affinity and the absence of a 
water molecule at the sixth coordination position of the ferric 
heme are indicative of nonpolar residues on the distal side of 
the heme. The low association rates for both oxygen and 
carbon monoxide suggest that these residues hinder ligand 
binding. There is ohehighly conserved histidine in RmFlxLH 
that is likely to be the proximal ligand. In the myoglobin 
sequence, the axial ligands are separated by 20-30 residues. 
Either of two phenylalanines that are about this distance from 
the conserved histidine might be the distal residue. 

FixL proteins are the only known members of a third class 
of heme proteins, which we are calling the heme-based sensors; 
they are distinct from oxygen carriers or electron transporten. 
As such, the uniqueness of their properties is not surprising. ! 
We predict that other heme-based sensors exist, which sense 
not only oxygen but other heme ligands such as nitric oxide, 
and that these sensors will share some of the novel charac- , 
teristlcs of FixL. Likely candidates include the endothelial . 
nitric oxide sensors that regulate blood pressure and the sensors 
that regulate hypoxia-induced genes such as the erythropoeitin j 
gene and the Fos and Jun protooncogenes (Blanchard et al., | 
1992; Webster et al., 1993; Wang &. Semenza, 1993). 
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